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Abstract 

The present report documents the results of Working Group 2: B, D and K 
decays, of the workshop on Flavour in the Era of the LHC, held at CERN from 
November 2005 through March 2007. 

With the advent of the LHC, we will be able to probe New Physics (NP) up 
to energy scales almost one order of magnitude larger than it has been possi- 
ble with present accelerator facilities. While direct detection of new particles 
will be the main avenue to establish the presence of NP at the LHC, indirect 
searches will provide precious complementary information, since most prob- 
ably it will not be possible to measure the full spectrum of new particles and 
their couplings through direct production. In particular, precision measure- 
ments and computations in the realm of flavour physics are expected to play a 
key role in constraining the unknown parameters of the Lagrangian of any NP 
model emerging from direct searches at the LHC. 

The aim of Working Group 2 was twofold: on one hand, to provide a coher- 
ent, up-to-date picture of the status of flavour physics before the start of the 
LHC; on the other hand, to initiate activities on the path towards integrating 
information on NP from high-pr and flavour data. 

This report is organized as follows. In Sec. [T] we give an overview of NP 
models, focusing on a few examples that have been discussed in some detail 
during the workshop, with a short description of the available computational 
tools for flavour observables in NP models. Sec. |2] contains a concise dis- 
cussion of the main theoretical problem in flavour physics: the evaluation of 
the relevant hadronic matrix elements for weak decays. Sec. [3] contains a de- 
tailed discussion of NP effects in a set of flavour observables that we identified 
as "benchmark channels" for NP searches. The experimental prospects for 
flavour physics at future facilities are discussed in Sec. IH Finally, Sec. [5] con- 
tains some assessments on the work done at the workshop and the prospects 
for future developments. 
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1 New physics scenarios 
1.1 Overview 

The Standard Model (SM) of electroweak and strong interactions describes with an impressive accuracy 
all experimental data on particle physics up to energies of the order of the electroweak scale. On the 
other hand, we know that the SM should be viewed as an effective theory vahd up to a scale A ~ Mw, 
since, among many other things, the SM does not contain a suitable candidate of dark matter and it does 
not account for gravitational interactions. Viewing the SM as an effective theory, however, poses a series 
of theoretical questions. First of all, the quadratic sensitivity of the electroweak scale on the cutoff calls 
for a low value of A, in order to avoid excessive fine tuning. Second, several of the higher dimensional 
operators which appear in the SM effective Lagrangian violate the accidental symmetries of the SM. 
Therefore, their coefficients must be highly suppressed in order not to clash with the experimental data, in 
particular in the flavour sector. Unless additional suppression mechanisms are present in the fundamental 
theory, a cutoff around the electroweak scale is thus phenomenologically not acceptable since it generates 
higher dimensional operators with large coefficients. 

We are facing a formidable task: formulating a natural extension of the SM with a cutoff close to 
the electroweak scale and with a very strong suppression of additional sources of flavour and CP viola- 
tion. While the simplest supersymmetric extensions of the SM with minimal flavour and CP violation, 
such as Minimal Supergravity (MSUGRA) models, seem to be the phenomenologically most viable NP 
options, it is fair to say that a fully consistent model of SUSY breaking has not been put forward yet. On 
the other hand, alternative solutions of the hierarchy problem based on extra dimensions have recently 
become very popular, although they have not yet been tested at the same level of accuracy as the Minimal 
Supersymmetric Standard Model (MSSM). Waiting for the LHC to discover new particles and shed some 
light on these fundamental problems, we should consider a range of NP models as wide as possible, in 
order to be ready to interpret the NP signals that will show up in the near future. 

In the following paragraphs, we discuss how flavour and CP violation beyond the SM can be 
analyzed on general grounds in a model-independent way. We then speciaUze to a few popular extensions 
of the SM, such as SUSY and little Higgs models, and present their most relevant aspects in view of our 
subsequent discussion of NP effects in flavour physics. 



1.2 Model-independent approaches 

1.2.1 General considerations 

In most extensions of the Standard Model (SM), the new degrees of freedom that modify the ultraviolet 
behavior of the theory appear only around or above the electroweak scale {v « 174 GeV). As long as 
we are interested in processes occurring below this scale (such as B, D and K decays), we can integrate 
out the new degrees of freedom and describe the new-physics effects -in full generality- by means of an 
Effective Field Theory (EFT) approach. The SM Lagrangian becomes the renormalizable part of a more 
general local Lagrangian which includes an infinite tower of higher-dimensional operators, constructed 
in terms of SM fields and suppressed by inverse powers of a scale Anp > v. 

This general bottom-up approach allows us to analyse all reaUstic extensions of the SM in terms of 
a limited number of parameters (the coefficients of the higher-dimensional operators). The disadvantage 
of this strategy is that it does not allow us to establish correlations of New Physics (NP) effects at low and 
high energies (the scale Anp defines the cut-off of the EFT). The number of correlations among different 
low-energy observables is also very limited, unless some restrictive assumptions about the structure of 
the EFT are employed. 

The generic EFT approach is somehow the opposite of the standard top-down strategy towards NP, 
where a given theory -and a specific set of parameters- are employed to evaluate possible deviations from 
the SM. The top-down approach usually allows us to establish several correlations, both at low energies 
and between low- and high-energy observables. However, the price to pay is the loss of generality. This 
is quite a high price given our limited knowledge about the physics above the electroweak scale. 

An interesting compromise between these two extreme strategies is obtained by implementing 
specific symmetry restrictions on the EFT. The extra constraints increase the number of correlations in 
low-energy observables. The experimental tests of such correlations allow us to test/establish general 
features of the NP model (possibly valid both at low and high energies). In particular, B, D and K 
decays are extremely useful in determining the flavour-symmetry breaking pattern of the NP model. The 
EFT approaches based on the Minimal Flavour Violation (MFV) hypothesis and its variations (MFV at 
large tan (5, n-MFV, . . . ) have exactly this goal. 

In Sect. ll.2.2] we illustrate some of the main conclusions about NP effects in the flavour sector de- 
rived so far within general EFT approaches. In Sect. ll.2.3] we analyse in more detail the MFV hypothesis, 
discussing: i) the general formulation and the general consequences of this hypothesis; ii) the possible 
strategies to verify or falsify the MFV assumption from low-energy data; iii) the implementation of the 
MFV hypothesis in more expUcit beyond-the-SM frameworks, such as the Minimal Supersymmetric SM 
(MSSM) or Grand Unified Theories (GUTs). 

1.2.2 Generic EFT approaches and the flavour problem 

The NP contributions to the higher-dimensional operators of the EFT should naturally induce large effects 
in processes which are not mediated by tree-level SM amplitudes, such as meson-antimeson mixing 
(AF = 2 amplitudes) or flavour-changing neutral-current (FCNC) rare decays. Up to now there is no 
evidence of deviations from the SM in these processes and this implies severe bounds on the effective 
scale of various dimension-six operators. For instance, the good agreement between SM expectations 
and experimental determinations of K^-K^ mixing leads to bounds above 10^ TeV for the effective 
scale of AS" = 2 operators, i.e. well above the few TeV range suggested by a natural stabilization of 
the electroweak-symmetry breaking mechanism. Similar bounds are obtained for the scale of operators 
contributing to lepton-flavour violating (LEV) transitions in the lepton sector, such as ^ ^ 67. 

The apparent contradiction between these two determinations of A is a manifestation of what in 
many specific frameworks (supersymmetry, technicolour, etc.) goes under the name of flavour problem: 
if we insist on the theoretical prejudice that new physics has to emerge in the TeV region, we have to 
conclude that the new theory possesses a highly non-generic flavour structure. Interestingly enough. 
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Fig. 1: Constraints on the p-rj plane using tree-level observables only, from Ref. [7] (see also Ref. [8]). 



this structure has not been clearly identified yet, mainly because the SM (the low-energy limit of the new 
theory), doesn't possess an exact flavour symmetry. Within a model-independent approach, we should try 
to deduce this structure from data, using the experimental information on FCNC transitions to constrain 
its form. 

1.2.2.1 Bounds on AF = 2 operators 

In most realistic NP models we can safely neglect NP effects in all cases where the corresponding ef- 
fective operator is generated at the tree-level within the SM. This general assumption implies that the 
experimental determination of 7 and \Vub\ via tree-level processes (see Fig. [Hi is free from the con- 
tamination of NP contributions. The comparison of the experimental data on meson-antimeson mixing 
amplitudes (both magnitudes and phases) with the theoretical SM expectations (obtained by means of 
the tree-level determination of the CKM matrix) allows to derive some of the most stringent constraints 
on NP models. 

In a wide class of beyond-the-SM scenarios we expect sizable and uncorrected deviations from 
the SM in the various AF = 2 amplitudes.^ As discussed by several authors [2-6], in this case NP 
effects can be parameterized in terms of the shift induced in the Bq-Bq mixing frequencies {q = d, s) 
and in the corresponding CPV phases. 



and similarly for the neutral kaon system. The two equivalent parameterizations [{Cb , (/"b ) or (r^, 0q)] 
have been shown to facilitate the interpretation of the results of the UTfit [7] and CKMfitter [8] collabo- 
rations for the Bd case, shown in Fig. [2| 

The main conclusions that can be drawn form the present analyses of new-physics effects in AF = 
2 amplitudes can be summarized as follows: 

- In all the three accessible short-distance amplitudes (K^-K^, Bd-Bd, and Bs-Bg) the magnitude 
of the new-physics amplitude cannot exceed, in size, the SM short-distance contribution. The latter 

' As discussed for instance in Ref. [1], there is a rather general hmit where NP effects in AF = 2 amplitudes are expected 
to be the dominant deviations from the SM in the flavour sector. This happens under the following two general assumptions: 
i) the effective scale of NP is substantially higher than the electroweak scale; ii) the dimensionless effective couplings ruling 
AF — 2 transitions can be expressed as the square of the corresponding AF = 1 coupling, without extra suppression factors. 
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Fig. 2: Constraints on the effective parameters encoding NP effects in the Ba-Ba mixing ampHtude (magnitude 
and phase) obtained by the UTfit [7] (left) and CKMfitter [8] (right) collaborations. 




is suppressed both by the GIM mechanism and by the hierarchical structure of the CKM matrix 

{vy. 

(-12 i\,f2 

^AF=2 ^ ^^^,^^^^2 (M|(Qi7'^Qi)2|M) (2) 

Therefore, new -physics models with TeV-scale flavoured degrees of freedom and 0(1) flavour- 
mixing couplings are essentially ruled out. To quantify this statement, we report here the results 
of the recent analysis of ref. [9]. Writing 

-4Nr'~^(^i(0W)'iM), 

(3) 



q 



where is a generic Dirac and colour structure (see ref. [9] for details), one has^ 

r 2 X 10^ TeV X ICfal^/^ 
A> { 2 X 10^ TeV X \Cf^\^/^ 
( 3x lO^TeVx |C|3|i/2 

- As clearly shown in Fig. [3j in the B^-B^ case there is still room for a new -physics contribution up 
to the SM one. However, this is possible only if the new-physics contribution is aligned in phase 
with respect to the SM amplitude (0^^ close to zero). Similar, but thighter, constraints hold also 
for the new physics contribution to the K^-K^ amplitude. 

- Contrary to B^-Bd and K^-K^ amplitudes, at present there is only a very loose bound on the 
CPV phase of the Bg-Bg mixing amplitude. This leaves open the possibility of observing a large 
Acp{Bs —>■ J /'^<P) at LHCb, which would be a clear signal of physics beyond the SM. 

As we will discuss in the following, the first two items listed above find a natural explanation within the 
so-called hypothesis of Minimal Flavour Violation. 

1.2.3 Minimal Flavour Violation 

A very reasonable, although quite pessimistic, solution to the flavour problem is the so-called Minimal 
Flavour Violation (MFV) hypothesis. Under this assumption, which will be formalized in detail below, 
flavour- violating interactions are linked to the known structure of Yukawa couplings also beyond the SM. 
As a result, non-standard contributions in FCNC transitions turn out to be suppressed to a level consistent 
with experiments even for A ~ few TeV. One of the most interesting aspects of the MFV hypothesis is 
that it can naturally be implemented within the EFT approach to NP [10]. The effective theories based 
on this symmetry principle allow us to establish unambiguous correlations among NP effects in various 
rare decays. These falsifiable predictions are the key ingredients to identify in a model-independent way 
which are the irreducible sources of flavour symmetry breaking. 

1.2.3.1 The MFV hypothesis 

The pure gauge sector of the SM is invariant under a large symmetry group of flavour transformations: 

^SM = Gq®Gt® U{lf, where 

G, = SU(3)q^ ® SU(3)t/^ ® SV{Z)d^ , Gt = SU(3)l^ ® SU(3)£;^ (4) 

and three of the five U{\) charges can be identified with baryon number, lepton number and hypercharge 
[11]. This large group and, particularly the SU(3) subgroups controlling flavour-changing transitions, is 
explicitly broken by the Yukawa interaction 

Cy = QlYdDrH + QlYuUrH, + LlYeErH + h.c. (5) 

Since ^SM is already broken within the SM, it would not be consistent to impose it as an exact symmetry 
beyond the SM: even if absent a the tree-level, the breaking of ^sm would reappear at the quantum level 
because of the Yukawa interaction. The most restrictive hypothesis we can make to protect in a consistent 
way flavour mixing in the quark sector, is to assume that Yd and Yjj are the only sources of Gq breaking 
also beyond the SM. To implement and interpret this hypothesis in a consistent way, we can assume that 
Gq is indeed a good symmetry, promoting Yc/,d to be non-dynamical fields (spurions) with non-trivial 
transformation properties under this symmetry 

yt/~(3,3,%, yD~(3,l,3)g^. (6) 

^The choice = Pt ® Pr gives the most stringent constraints. Constraints from other operators are up to one order of 
magnitude weaker. 
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Table 1: 95% CL bounds on the scale of representative dimension-six operators in the MFV scenario. The con- 
straints are obtained on the single operator, with coefficient ±1/A^ (+ or — denote constructive or destructive 
interference with the SM amplitude). 

If the breaking of the symmetry occurs at very high energy scales -well above the TeV region where 
the new degrees of freedom necessary to stabilize the Higgs sector should appear- at low-energies we 
would only be sensitive to the background values of the Y, i.e. to the ordinary SM Yukawa couplings. 
Employing the effective-theory language, we then define that an effective theory satisfies the criterion of 
Minimal Flavour Violation in the quark sector if all higher-dimensional operators, constructed from SM 
and Y fields, are invariant under CP and (formally) under the flavour group Qg [10]. 

According to this criterion one should in principle consider operators with arbitrary powers of the 
(dimensionless) Yukawa fields. However, a strong simplification arises by the observation that all the 
eigenvalues of the Yukawa matrices are small, but for the top one, and that the off-diagonal elements of 
the CKM matrix (Vij) are very suppressed. Using the Qg symmetry, we can rotate the background values 
of the auxiliary fields Y such that 

YD = Xd, Yu = V^Xu , (7) 

where A are diagonal matrices and V is the CKM matrix. It is then easy to realize that, similarly to the 
pure SM case, the leading coupling ruling all FCNC transitions with external down-type quarks is: 

(Apcjii = < ^ (o) 
I i=j . 

The number of relevant dimension-6 effective operators is then strongly reduced (representative examples 
are reported in Table[T] while the complete list can be found in Ref. [10]). 

1.2.3.2 Universal UT and MFV bounds on the effective operators 

As originally pointed out in Ref. [12], within the MFV framework several of the constraints used to deter- 
mine the CKM matrix (and in particular the unitarity triangle) are not affected by NR In this framework, 
NP effects are negligible not only in tree-level processes but also in a few clean observables sensitive 
to loop effects, such as the time-dependent CPV asymmetry in Bd — > J /'^Kl^s- Indeed the structure 
of the basic flavour-changing coupling in Eq. ([8]) implies that the weak CPV phase of B^-B^ mixing is 
arg[(VtdyjP^], exactly as in the SM. The determination of the unitarity triangle using only these clean 
observables (denoted Universal Unitarity Triangle) is shown in Fig. H]^ This construction provides a 
natural (a posteriori) justification of why no NP effects have been observed in the quark sector: by con- 
struction, most of the clean observables measured at B factories are insensitive to NP effects in this 
framework. 

In Table [T] we report a few representative examples of the bounds on the higher-dimensional op- 
erators in the MFV framework. As can be noted, the built-in CKM suppression leads to bounds on the 

^The UUT as originally proposed in Ref. [12] includes AA'f_B^/Ai\f_B, and is therefore valid only in models of CMFV (see 
Sec. ll.2.33t . On the other hand, removing AAf_B^ / AAfs^ from the analysis gives a UUT that is valid in any MFV scenario. 
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Fig. 4: Fit of the CKM unitarity triangle within the SM (left) and in generic extensions of the SM satisfying the 
MFV hypothesis (right) [7]. 



effective scale of new physics not far from the TeV region. These bounds are very similar to the bounds 
on flavour-conserving operators derived by precision electroweak tests. This observation reinforces the 
conclusion that a deeper study of rare decays is definitely needed in order to clarify the flavour problem: 
the experimental precision on the clean FCNC observables required to obtain bounds more stringent 
than those derived from precision electroweak tests (and possibly discover new physics) is typically in 
the 1% - 10% range. 

Although the MFV seems to be a natural solution to the flavour problem, it should be stressed 
that we are still very far from having proved the validity of this hypothesis from data. A proof of the 
MFV hypothesis can be achieved only with a positive evidence of physics beyond the SM exhibiting the 
flavour pattern (link between s ^ d, b d, and 6 — > s transitions) predicted by the MFV assumption. 

1.2.3.3 Comparison with other approaches ( CMFV & n-MFV) 

The idea that the CKM matrix rules the strength of FCNC transitions also beyond the SM has become a 
very popular concept in the recent literature and has been implemented and discussed in several works 
(see e.g. Refs. [12-16]). 

It is worth stressing that the CKM matrix represents only one part of the problem: a key role 
in determining the structure of FCNCs is also played by quark masses, or by the Yukawa eigenvalues. 
In this respect, the MFV criterion illustrated above provides the maximal protection of FCNCs (or the 
minimal violation of flavour symmetry), since the full structure of Yukawa matrices is preserved. At the 
same time, this criterion is based on a renormalization-group-invariant symmetry argument. Therefore, 
it can be implemented independently of any specific hypothesis about the dynamics of the new-physics 
framework. The only two assumptions are: i) the flavour symmetry and the sources of its breaking; ii) 
the number of light degrees of freedom of the theory (identified with the SM fields in the minimal case). 

This model-independent structure does not hold in most of the alternative definitions of MFV 
models that can be found in the literature. For instance, the definition of Ref. [16] (denoted constrained 
MFV, or CMFV) contains the additional requirement that the effective FCNC operators playing a sig- 
nificant role within the SM are the only relevant ones also beyond the SM. This condition is realized 
within weakly coupled theories at the TeV scale with only one light Higgs doublet, such as the model 
with universal extra dimensions analysed in Ref. [17], or the MSSM with small tan /? and small fi term. 
However, it does not hold in other frameworks, such as technicolour models, or the MSSM with large 
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tan /3 and/or large /x term (see Sect. ll.2.3.61 ). whose low-energy phenomenology could still be described 
using the general MFV criterion discussed in Sect. |1.2.3.1| 

Since we are still far from having proved the validity of the MFV hypothesis from data, specific 
less restrictive symmetry assumptions about the flavour-structure of NP can also be considered. Next- 
to-minimal MFV frameworks have recently been discussed in Ref. [18, 19]. As shown in Ref. [19], a 
convenient way to systematically analyse the possible deviations from the MFV ansatz is to introduce 
additional spurions of the ^SM group. 

1.2.3.4 MFV at large tan /3 

If the Yukawa Lagrangian contains only one Higgs field, as in Eq. it necessarily breaks both Qg 
and two of the U{1) subgroups of ^SM- In models with more than one Higgs doublet, the breaking 
mechanisms of Qg and the U{1) symmetries can be decoupled, allowing a different overall normalization 
of the Yfj^D spurions with respect to the SM case. 

A particularly interesting scenario is the two-Higgs-doublet model where the two Higgses are 
coupled separately to up- and down-type quarks: 

Cyo = QlYdDrHd + QlYuUrHu + LlYeErHd + h.c. (9) 

This Lagrangian is invariant under a U(l) symmetry, denoted U(1)pq, whose only charged fields are Dr 
and Er (charge +1) and Hr, (charge —1). The Upq symmetry prevents tree-level FCNCs and implies 
that Yu^R) are the only sources of Qg breaking appearing in the Yukawa interaction (similar to the one- 
Higgs-doublet scenario). Coherently with the MFV hypothesis, in order to protect the good agreement 
between data and SM in FCNCs and AF = 2 amplitudes, we assume that Yjj r, are the only relevant 
sources of Qg breaking appearing in all the low-energy effective operators. This is sufficient to ensure 
that flavour-mixing is still governed by the CKM matrix, and naturally guarantees a good agreement with 
present data in the /S.F = 2 sector. However, the extra symmetry of the Yukawa interaction allows us 
to change the overall normalization of Yjj^r with interesting phenomenological consequences in specific 
rare modes. 

The normalization of the Yukawa couplings is controlled by tan /? = {Hjj) / (Hd). For tan /3 » 1 
the smallness of the b quark and r lepton masses can be attributed to the smallness of 1/ tan (3 rather 
than to the corresponding Yukawa couplings. As a result, for tan /3 » 1 we cannot anymore neglect the 
down-type Yukawa coupling. In this scenario the determination of the effective low-energy Hamiltonian 
relevant to FCNC processes involves the following three steps: 

- construction of the gauge-invariant basis of dimension-six operators (suppressed by A~^) in terms 
of SM fields and two Higgs doublets; 

- breaking of SU(2) x U(l)y and integration of the 0{Mfj) heavy Higgs fields; 

- integration of the 0{M'^^) SM degrees of freedom (top quark and electroweak gauge bosons). 

These steps are well separated if we assume the scale hierarchy A » Mr ^ My/- On the other hand, if 
A ~ Mr, the first two steps can be joined, resembling the one-Higgs-doublet scenario discussed before. 
The only difference is that now, at large tan j3, Yr, is not negligible and this requires to enlarge the basis 
of effective dimension-six operators. From the phenomenological point of view, this implies the breaking 
of the strong MFV link between K- and S-physics FCNC amplitudes occurring in the one-Higgs-doublet 
case [10]. 

A more substantial modification of the one-Higgs-doublet case occurs if we allow sizable sources 
of U(l)pQ breaking. It should be pointed out that the U(1)pq symmetry cannot be exact: it has to be 
broken at least in the scalar potential in order to avoid the presence of a massless pseudoscalar Higgs. 
Even if the breaking of U(1)pq and Qg are decoupled, the presence of U(1)pq breaking sources can 
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have important implications on the structure of the Yukawa interaction. We can indeed consider new 
dimension-four operators such as 

eQLYDDR{Hur or eQLYuY^YDDRiHuT , (10) 

where e denotes a generic ^g-invariant U(1)pq -breaking source. Even if e ^ 1, the product e x tan j3 
can be 0{1), inducing 0{\) non-decoupling corrections to Cyq- As discussed in specific supersym- 
metric scenarios, for etan/3 = 0{1) the U(l)pQ-breaking terms induce 0(1) corrections to the down- 
type Yukawa couplings [20], the CKM matrix elements [21], and the charged-Higgs couplings [22-24]. 
Moreover, sizable FCNC couplings of the down-type quarks to the heavy neutral Higgs fields are al- 
lowed [25-30]. All these effects can be taken into account to all orders with a proper re-diagonalization 
of the effective Yukawa interaction [10]. 

Since the 6-quark Yukawa coupling becomes 0(1), the large-tan j3 regime is particularly inter- 
esting for helicity-suppressed observables in B physics. One of the clearest phenomenological conse- 
quences is a suppression (typically in the 10—50% range) of the B ^ lu decay rate with respect to its SM 
expectation [31]. Potentially measurable effects in the 10—30% range are expected also in i? — > Xs^ and 
AM^^. The most striking signature could arise from the rare decays Bs^d — > , whose rates could 
be enhanced over the SM expectations by more than one order of magnitude. An enhancement of both 
Bs and Bd i+i' respecting the MFV relation r(S, ^ i+i-)/T{Bd ^ \ Vts/Vtd\'^ 

would be an unambiguous signature of MFV at large tan /?. 

Within the EFT approach where all the heavy degrees of freedom except the Higgs fields are 
integrated out, we cannot establish many other correlations among the helicity-suppressed i?-physics 
observables. However, the scenario becomes quite predictive within a more ambitious EFT: the MSSM 
with MFV (see Sect. 11.2.3.61 ). As recently discussed in Ref. [32-34], in the MFV-MSSM with large 
tan P and heavy squarks, interesting correlations can be established among all the S-physics observ- 
ables mentioned above and several flavour-conserving observables (both at low and high energies). In 
particular, while compatible with present i?-physics constraints, this scenario can naturally resolve the 
long-standing {g — 2)^ anomaly and explain in a natural way, why the lightest Higgs boson has not been 
observed yet. The predictivity, the high-sensitivity to various i?-physics observables, and the natural 
compatibility with existing data, make this scenario a very interesting benchmark for correlated studies 
of low- and high-energy data (see Sect.[5]l. 

1.2.3.5 MFV in Grand Unified Theories 

Once we accept the idea that flavour dynamics obeys a MFV principle, at least in the quark sector, it 
is interesting to ask if and how this is compatible with Grand Unified Theories (GUTs), where quarks 
and leptons sit in the same representations of a unified gauge group. This question has recently been 
addressed in Ref. [35], considering the exemplifying case of SU(5)gauge- 

Within SU(5)gauge> the down-type singlet quarks (D^j^) and the lepton doublets (L^ belong to 
the 5 representation; the quark doublet (Qy, the up-type (^7]j) and lepton singlets (-E)j) belong to the 
10 representation, and finally the right-handed neutrinos {v}^) are singlets. In this framework the largest 
group of flavour transformation commuting with the gauge group is Ggvt = SU(3)5 x SU(3)io x 
SU(3)i, which is smaller than the direct product of the quark and lepton flavour groups compatible with 
the SM gauge sector: QqXQi. We should therefore expect some violations of the MFV predictions, either 
in the quark sector, or in the lepton sector, or in both (a review of the MFV predictions for the lepton 
sector [36] can be found in the WG3 section of this report). 

A phenomenologically acceptable description of the low-energy fermion mass matrices requires 
the introduction of at least four irreducible sources of ^gut breaking. From this point of view the 
situation is apparently similar to the non-unified case: the four ^gut spurions can be put in one-to- 
one correspondence with the low-energy spurions Yu,d,e plus the neutrino Yukawa coupling Y^ (which 
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is the only low-energy spurion in the neutiino sector assuming an approximately degenerate heavy 
spectrum). However, the smaller flavour group does not allow the diagonalization of Yd and Ye (which 
transform in the same way under ^gut) in the same basis. As a result, two additional mixing matrices 
can appear in the expressions for flavour changing rates [35]. The hierarchical texture of the new mixing 
matrices is known since they reduce to the identity matrix in the limit = Y^. Taking into account this 
fact, and analysing the structure of the allowed higher-dimensional operators, a number of reasonably 
firm phenomenological consequences can be deduced [35] : 

- There is a well defined limit in which the standard MFV scenario for the quark sector is fully 
recovered: \Yy\ <^ 1 and small tan (3. The upper bound on the neutrino Yukawa couplings implies 
an upper bound on the heavy neutrino masses (Mjy). In the limit of a degenerate heavy neutrino 
spectrum, this bound is about 10^^ GeV. For ~ 10^^ GeV and small tan (3, deviations from the 
standard MFV pattern can be expected in rare K decays but not in B physics.^ Ignoring fine-tuned 
scenarios, ^ 10^^ GeV is excluded by the present constraints on quark FCNC transitions. 
Independently from the value of Mjy, deviations from the standard MFV pattern can appear both 
in K and in B physics for tan (3 > mt/rrih. 

- Contrary to the non-GUT MFV framework for the lepton sector, the rate for fi —>■ and other 
LFV decays cannot be arbitrarily suppressed by lowering the mass of the heavy vr. This fact 
can easily be understood by noting that the GUT group allows also Af,y -independent contributions 
to LFV decays proportional to the quark Yukawa couplings. The latter become competitive for 

< 10^^ GeV and their contribution is such that for A < 10 TeV the fi —>■ rate is above 
10"^^ (i.e. within the reach of MEG [37]). 

- Within this framework improved experimental searches on r — > //7 and r — > 67 are a key tool: 
they are the best observables to discriminate the relative size of the non-GUT MFV contributions 
with respect to the GUT ones. In particular, if the quark-induced terms turn out to be dominant, 
the B{t fi^)/B{fi — > 67) ratio could reach values of 0(10^'^), allowing r ^ /i7 to be just 
below the present exclusion bounds. 

1.2.3.6 The MFV hypothesis in the MSSM 

A detailed discussion of the so-called Minimal Supersymmetric extension of the SM will be presented 
in Sect. 11.31 Here we limit ourself to analyse how the MFV hypothesis can be implemented in this 
framework, and to briefly summarise its main implications. 

It is first worth to recall that the adjective minimal in the MSSM acronyms refers to the particle 
content of the model and not to its flavour structure. In general, the MSSM contains a huge number 
of free parameters and most of them aie related to the flavour structure of the model (sfermion masses 
and trilinear couplings). Since the new degrees of freedom (in particular the squark fields) have well- 
defined transformation properties under the quark-flavour group Qq, the MFV hypothesis can easily be 
implemented in this framework following the general rules outlined in Sect. ll.2.3.1t we need to consider 
all possible interactions compatible with i) softly-broken supersymmetry; ii) the breaking of Qq via the 
spurion fields Yjj^d. This allows to express the squark mass terms and the trilinear quark-squark-Higgs 
couplings as follows [10,38]: 

= (ail + hiYuY^ + 62^0!^ + hYoY^YuY^ + h^YuY^YoYl + ...), (11) 

ml^ = m''[a2t + hY}jYu + , (12) 

The conclusion that K decays are the most sensitive probes of possible deviations from the strict MFV ansatz follows from 
the strong suppression of the s — > d short-distance amplitude in the SM [VtdV^s = 0(10"*)], and goes beyond the hypothesis 
of an underlying GUT. This is the reason why K nvh' decays, which are the best probes of s — > d = 1 short-distance 
amplitudes, play a key role in any extension of the SM containing non-minimal sources of flavour symmetry breaking. 
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where the dimensionful parameters m and A set the overall scale of the soft-breaking terms. In Eqs. (ITTI)- 
([T5] ) we have explicitly shown all independent flavour structures which cannot be absorbed into a redef- 
inition of the leading terms (up to tiny contributions quadratic in the Yukawas of the first two families). 
When tan (3 is not too large and the bottom Yukawa coupling is small, the terms quadratic in Yd can be 
dropped. 

In a bottom-up approach, the dimensionless coefficients and hi in Eqs. (fTTI) -([T5]) should be con- 
sidered as free parameters of the model. Note that this structure is renormalization-group invariant: the 
values of and hi change according to the Renormalization Group (RG) flow, but the general structure 
of Eqs. ([TTI)-(fT5]) is unchanged. This is not the case if the hi are set to zero (corresponding to the so-called 
hypothesis of flavour universality). If this hypothesis is set as initial condition at some high-energy scale 
M, then non vanishing hi ~ (l/47r)^ In M^/m^ are generated by the RG evolution. This is for instance 
what happens in models with gauge-mediated supersymmetry breaking [39^1], where the scale M is 
identified with the mass of the hypothetical messenger particles. 

Using the soft terms in Eqs. (fTTI) -([T5]). the physical 6x6 squark-mass matrices, after electroweak 
symmetry breaking, are given by 



where ^ is the higgsino mass parameter and vu.d = {Hu.d) (tan/3 = vu/vd)- The eigenvalues 
of these mass matrices are not degenerate; however, the mass splittings are tightly constrained by the 
specific (Yukawa-type) symmetry-breaking pattern. 

If we are interested only in low-energy processes we can integrate out the supersymmetric particles 
at one loop and project this theory into the general EFT discussed in the previous sections. In this case 
the coefficients of the dimension-six effective operators written in terms of SM and Higgs fields (see 
Table [T]) are computable in terms of the supersymmetric soft-breaking parameters. We stress that if 
tan/? » 1 (see Sect. 11.2.3.41) and/or if ji is large enough [42], the relevant operators thus obtained go 
beyond the restricted basis of the CMFV scenario [16]. The typical effective scale suppressing these 
operators (assuming an overall coefficient 1/A^) is 



Looking at the bounds in Table [H we then conclude that if MFV holds, the present bounds on FCNCs do 
not exclude squarks in the few hundred GeV mass range, i.e. well within the LHC reach. 

It is finally worth recalling that the integration of the supersymmetric degrees of freedom may 
also lead to sizable modifications of the renormalizable operators and, in particular, of the effective 
Yukawa interactions. As a result, in an effective field theory with supersymmetric degrees of freedom, 
the relations between Yu^d and the physical quark masses and CKM angles are potentially modified. As 
already pointed out in Sect. I1.2.3.4[ this effect is particularly relevant in the large tan [5 regime. 
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1.3 SUSY models 
1.3.1 FCNC and SUSY 

The generation of fermion masses and mixings ("flavour problem") gives rise to a first and important 
distinction among theories of new physics beyond the electroweak standard model. 

One may conceive a kind of new physics that is completely "flavour blind", i.e. new interactions 
that have nothing to do with the flavour structure. To provide an example of such a situation, consider 
a scheme where flavour arises at a very large scale (for instance the Planck mass) while new physics is 
represented by a supersymmetric extension of the SM with supersymmetry broken at a much lower scale 
and with the SUSY breaking transmitted to the observable sector by flavour-bhnd gauge interactions. In 
this case one may think that the new physics does not cause any major change to the original flavour 
structure of the SM, namely that the pattern of fermion masses and mixings is compatible with the 
numerous and demanding tests of flavour changing neutral currents. 

Alternatively, one can conceive a new physics that is entangled with the flavour problem. As an ex- 
ample consider a technicolour scheme where fermion masses and mixings arise through the exchange of 
new gauge bosons which mix together ordinary and technifermions. Here we expect (correctly enough) 
new physics to have potential problems in accommodating the usual fermion spectrum with the adequate 
suppression of FCNC. As another example of new physics that is not flavour bUnd, take a more con- 
ventional SUSY model which is derived from a spontaneously broken N=l supergravity and where the 
SUSY breaking information is conveyed to the ordinary sector of the theory through gravitational inter- 
actions. In this case we may expect that the scale at which flavour arises and the scale of SUSY breaking 
are not so different and possibly the mechanism of SUSY breaking and transmission itself is flavour- 
dependent. Under these circumstances we may expect a potential flavour problem to arise, namely that 
SUSY contributions to FCNC processes are too large. 

The potentiality of probing SUSY in FCNC phenomena was readily realized when the era of 
SUSY phenomenology started in the early 80's [43, 44]. In particular, the major implication that the 
scalar partners of quarks of the same electric charge but belonging to different generations had to share 
a remarkably high mass degeneracy was emphasized. 

Throughout the large amount of work in the past decades it became clearer and clearer that gener- 
ically talking of the implications of low-energy SUSY on FCNC may be rather misleading. We have 
a minimal SUSY extension of the SM, the so-called Constrained Minimal Supersymmetric Standard 
Model (CMSSM), where the FCNC contributions can be computed in terms of a very Umited set of un- 
known new SUSY parameters. Remarkably enough, this minimal model succeeds to pass all FCNC tests 
unscathed. To be sure, it is possible to severely constrain the SUSY parameter space, for instance using 
b S7, in a way that is complementary to what is achieved by direct SUSY searches at colliders. 

However, the CMSSM is by no means equivalent to low-energy SUSY. A first sharp distinction 
concerns the mechanism of SUSY breaking and transmission to the observable sector that is chosen. As 
we mentioned above, in models with gauge-mediated SUSY breaking (GMSB models [39,40,45-68]) it 
may be possible to avoid the FCNC threat "ab initio" (notice that this is not an automatic feature of this 
class of models, but it depends on the specific choice of the sector that transmits the SUSY breaking in- 
formation, the so-called messenger sector). The other more "canonical" class of SUSY theories that was 
mentioned above has gravitational messengers and a very large scale at which SUSY breaking occurs. 
In this brief discussion we focus only on this class of gravity-mediated SUSY breaking models. Even 
sticking to this more limited choice we have a variety of options with very different implications for the 
flavour problem. 

First, there exists an interesting large class of SUSY reaUzations where the customary R-parity 
(which is invoked to suppress proton decay) is replaced by other discrete symmetries which allow either 
baryon or lepton violating terms in the superpotential. But, even sticking to the more orthodox view 
of imposing R-parity, we are still left with a large variety of extensions of the MSSM at low energy. 
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The point is that low-energy SUSY "feels" the new physics at the superlarge scale at which supergravity 
(i.e., local supersymmetry) broke down. In the past years we have witnessed an increasing interest 
in supergravity realizations without the so-called flavour universality of the terms which break SUSY 
explicitly. Another class of low-energy SUSY realizations, which differ from the MSSM in the FCNC 
sector, is obtained from SUSY-GUT's. The interactions involving superheavy particles in the energy 
range between the GUT and the Planck scale bear important imphcations for the amount and kind of 
FCNC that we expect at low energy [69-71]. 

1.3.2 FCNC in SUSY without R-parity 

It is well known that in the SM case the imposition of gauge symmetry and the usual gauge assignment 
of the 15 elementary fermions of each family lead to the automatic conservation of baryon and lepton 
numbers (this is true at any order in perturbation theory). 

On the contrary, imposing in addition to the usual SU (3) SU (2) C/(l) gauge symmetry an N=l 
global SUSY does not prevent the appearance of terms which explicitly break B or L [72,73]. Indeed, 
the superpotential reads: 

W = h^QHuu^ + h^QHDd^ + h^LHDe^ + i^HuHd 

+ fj,'HuL + X'-j^Uid'jdl + X[j,^QiLjdl + XijkLiLjel, (18) 

where the chiral matter superfields Q, u'^, d'^, L, e^, Hjj and transform under the above gauge 
symmetry as: 

Q = (3,2,1/6); ^z^ = (3,1,-2/3); = (3, 1, 1/3); (19) 

L= (1,2,-1/2); e^ = (1,1,1); i/f/ = (1, 2, 1/2); = (1, 2, -1/2). 

The couplings hF , h^, are 3 x 3 matrices in the generation space; i, j and k are generation indices. 
Using the product of A' and A" couplings it is immediate to construct four-fermion operators leading 
to proton decay through the exchange of a squark. Even if one allows for the existence of A' and A" 
couplings only involving the heaviest generation, one can show that the bound on the product A' x A" of 
these couplings is very severe (of O(10~^)) [74]. 

A solution is that there exists a discrete symmetry, B-parity [75-79], which forbids the B violating 
terms proportional to A" in eq. (fTSl ). In that case it is still possible to produce sizable effects in PC 
processes. Two general features of these R-parity violating contributions are: 

1. complete loss of any correlation to the CKM elements. Por instance, in the above example, the 
couphngs A' and A have nothing to do with the usual angles Vtb and Vts which appear in 6 ^ sl^l^ 
in the SM; 

2. loss of correlation among different PCNC processes, which are tightly correlated in the SM. Por 
instance, in our example b — > dl~^l~ would depend on A' and A parameters which are different 
from those appearing in — Bd mixing. 

In this context it is difficult to make predictions given the arbitrariness of the large number of A and 
A' parameters. There exist bounds on each individual coupling (i.e. assuming all the other L violating 
couplings are zero) [80, 81]. 

Obviously, the most practical way of avoiding any threat of B and L violating operators is to forbid 
all such terms in eq. (ITSl) . This is achieved by imposing the usual R matter parity. This quantum number 
is +1 for every ordinary particle and —1 for SUSY partners. We now turn to PCNC in the framework of 
low-energy SUSY with R parity. 
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1.3.3 FCNC in SUSY with R-parity - CMSSM framework 

Even when R parity is imposed the FCNC challenge is not over. It is true that in this case, analogously to 
what happens in the SM, no tree level FCNC contributions arise. However, it is well-known that this is a 
necessary but not sufficient condition to consider the FCNC problem overcome. The loop contributions 
to FCNC in the SM exhibit the presence of the GIM mechanism and we have to make sure that in the 
SUSY case with R parity some analog of the GIM mechanism is active. 

To give a qualitative idea of what we mean by an effective super-GIM mechanism, let us consider 
the following simplified situation where the main features emerge clearly. Consider the SM box diagram 
responsible for — mixing and take only two generations, i.e. only the up and charm quarks 
run in the loop. In this case the GIM mechanism yields a suppression factor of 0((m^ — mu)/M^). 
If we replace the W boson and the up quarks in the loop with their SUSY partners and we take, for 
simplicity, all SUSY masses of the same order, we obtain a super-GIM factor which looks like the GIM 
one with the masses of the superparticles instead of those of the corresponding particles. The problem 
is that the up and charm squarks have masses which are much larger than those of the corresponding 
quarks. Hence the super-GIM factor tends to be of 0(1) instead of being 0(10^"^) as it is in the SM 
case. To obtain this small number we would need a high degeneracy between the mass of the charm and 
up squarks. It is difficult to think that such a degeneracy may be accidental. After all, since we invoked 
SUSY for a naturalness problem (the gauge hierarchy issue), we should avoid invoking a fine-tuning to 
solve its problems! Then one can turn to some symmetry reason. For instance, just sticking to this simple 
example that we are considering, one may think that the main bulk of the charm and up squark masses is 
the same, i.e. the mechanism of SUSY breaking should have some universality in providing the mass to 
these two squarks with the same electric charge. Another possibility one may envisage is that the masses 
of the squarks are quite high, say above few TeV's. Then even if they are not so degenerate in mass, the 
overall factor in front of the four-fermion operator responsible for the kaon mixing becomes smaller and 
smaller (it decreases quadratically with the mass of the squarks) and, consequently, one can respect the 
experimental result. We see from this simple example that the issue of FCNC may be closely linked to 
the crucial problem of how we break SUSY. 

We now turn to some more quantitative considerations. We start by discussing the different degrees 
of concern that FCNC raise according to the specific low-energy SUSY realization one has in mind. In 
this section we will consider FCNC in the CMSSM realizations. In Sect. I1.3.4l we will deal with CP- 
violating FCNC phenomena in the same context. After discussing these aspects in the CMSSM we will 
provide bounds from FCNC and CP violation in a generic SUSY extension of the SM (Sect. 11.3.51 ). 

Obviously the reference frame for any discussion in a specific SUSY scheme is the MSSM. Al- 
though the name seems to indicate a well-defined particle model, we can identify at least two quite 
different classes of low-energy SUSY models. First, we have the CMSSM, the minimal SUSY exten- 
sion of the SM (i.e. with the smallest needed number of superfields) with R-parity, radiative breaking of 
the electroweak symmetry, universality of the soft breaking terms and simplifying relations at the GUT 
scale among SUSY parameters. In this constrained version, the MSSM exhibits only four free param- 
eters in addition to those of the SM, and is an example of a SUSY model with MFV. Moreover, some 
authors impose specific relations between the two parameters A and B that appear in the trilinear and 
bilinear scalar terms of the soft breaking sector, further reducing the number of SUSY free parameters to 
three. Then, all SUSY masses are just functions of these few independent parameters and, hence, many 
relations among them exist. 

In SUSY there are five classes of one-loop diagrams that contribute to FCNC and CP violating 
processes. They are distinguished according to the virtual particles running in the loop: W and up- 
quarks, charged Higgs and up-quarks, charginos and up-squarks, neutralinos and down-squarks, gluinos 
and down-squarks. It turns out that, in this constrained version of the MSSM, at low or moderate tan/3 
the charged Higgs and chargino exchanges yield the dominant SUSY contributions, while at large tan (3 
Higgs-mediated effects become dominant. 
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Obviously this very minimal version of the MSSM can be very predictive. The most powerful 
constraint on this minimal model in the FCNC context comes from 6 ^ 57 [23, 82-84]. For large values 
of tan/3, strong constraints are also obtained from the upper bound on Bg fJ-^fJ- , from AMg and 
from B{B ^ tv) [27-30, 32, 85]. No observable deviations from the SM predictions in other FCNC 
processes are expected, given the present experimental and theoretical uncertainties. 

It should be kept in mind that the above stringent results strictly depend not only on the minimality 
of the model in terms of the superfields that are introduced, but also on the "boundary" conditions that 
are chosen. All the low-energy SUSY masses are computed in terms of the four SUSY parameters at 
the Planck scale Mpi through the RG evolution. If one relaxes this tight constraint on the relation of 
the low-energy quantities and treats the masses of the SUSY particles as independent parameters, then 
much more freedom is gained. This holds true even in the MSSM with MFV at small or moderate 
tan (3: sizable SUSY effects can be present both in meson-antimeson mixing and in rare decays [86], in 
particular for light stop and charginos. 

Moreover, flavour universality is by no means a prediction of low-energy SUSY. The absence of 
flavour universality of soft-breaking terms may result from radiative effects at the GUT scale or from 
effective supergravities derived from string theory. For instance, even starting with an exact universality 
of the soft breaking terms at the Planck scale, in a SUSY GUT scheme one has to consider the running 
from this latter scale to the GUT scale. Due to the large value of the top Yukawa coupling and to the fact 
that quarks and lepton superfields are in common GUT multiplets, we may expect the tau slepton mass 
to be conspicuously different from that of the first two generation sleptons at the end of this RG running. 
This lack of universality at the GUT scale may lead to large violations of lepton flavour number yielding, 
for instance, /i ^ 67 at a rate in the ball park of observability [87]. In the non-universal case, most 
FCNC processes receive sizable SUSY corrections, and indeed flavour physics poses strong constraints 
on the parameter space of SUSY models without MFV. 

1.3.4 CP violation in the CMSSM 

CP violation has a major potential to exhibit manifestations of new physics beyond the standard model. 
Indeed, it is quite a general feature that new physics possesses new CP violating phases in addition 
to the Cabibbo-Kobayashi-Maskawa (CKM) phase (Sckm) or, even in those cases where this does not 
occur, 5cKM shows up in interactions of the new particles, hence with potential departures from the SM 
expectations. Moreover, although the SM is able to account for the observed CP violation, the possibility 
of large NP contributions to CP violation inb s transitions is still open (see sec. 13. 7 1 and ref. [88] for 
recent reviews). The detection of CP violation in Bg mixing and the improvement of the measurements 
of CP asymmetries in 6 ^ s penguin decays will constitute a crucial test of the CKM picture within 
the SM. Again, on general grounds, we expect new physics to provide departures from the SM CKM 
scenario. A final remark on reasons that make us optimistic in having new physics playing a major 
role in CP violation concerns the matter-antimatter asymmetry in the universe. Starting from a baryon- 
antibaryon symmetric universe, the SM is unable to account for the observed baryon asymmetry. The 
presence of new CP-violating contributions when one goes beyond the SM looks crucial to produce an 
efficient mechanism for the generation of a satisfactory AB asymmetry. 

The above considerations apply well to the new physics represented by low-energy supersymmet- 
ric extensions of the SM. Indeed, as we will see below, supersymmetry introduces CP violating phases 
in addition to 6ckm and, even if one envisages particular situations where such extra-phases vanish, the 
phase 6cKM itself leads to new CP-violating contributions in processes where SUSY particles are ex- 
changed. CP violation inb ^ s transitions has a good potential to exhibit departures from the SM CKM 
picture in low-energy SUSY extensions, although, as we will discuss, the detectability of such deviations 
strongly depends on the regions of the SUSY parameter space under consideration. 

In this section we will deal with CP violation in the context of the CMSSM. In Sec. I1.3.5l we will 
discuss the CP issue in a model-independent approach. 
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In the CMSSM two new "genuine" SUSY CP-violating phases are present. They originate from 
the SUSY parameters fi, M, A and B. The first of these parameters is the dimensionful coefficient of 
the HuHd term of the superpotential. The remaining three parameters are present in the sector that softly 
breaks the N=l global SUSY M denotes the common value of the gaugino masses, A is the trilinear 
scalar coupling, while B denotes the bihnear scalar couphng. In our notation all these three parameters 
are dimensionful. The simplest way to see which combinations of the phases of these four parameters 
are physical [89] is to notice that for vanishing values of ji, M, A and B the theory possesses two 
additional symmetries [90]. Indeed, letting B and fi vanish, a [7(1) Peccei-Quinn symmetry arises, which 
in particular rotates Hu and H^. If M, A and B are set to zero, the Lagrangian acquires a continuous 
U{1) R symmetry. Then we can consider /x, M, A and B as spurions which break the U{1)pq and 
U{l)ii symmetries. In this way the question concerning the number and nature of the meaningful phases 
translates into the problem of finding the independent combinations of the four parameters which are 
invariant under U{1)pq and U{l)ji and determining their independent phases. There are three such 
independent combinations, but only two of their phases are independent. We use here the commonly 
adopted choice: 

$A = arg {A*M), $b = arg {B*M) . (20) 

The main constraints on $a and $ b come from their contribution to the electric dipole moments of the 
neutron and of the electron. For instance, the effect of and on the electric and chromoelectric 
dipole moments of the light quarks {u, d, s) lead to a contribution to of order 

^ 2 f l^^^XVsin^^B X lO-^^ecm, (21) 
\ m J 



where m here denotes a common mass for squarks and gluinos. We refer the reader to the results of 
Working Group III for a detailed discussion of the present status of constraints on SUSY from electric 
dipole moments. We just remark that the present experimental bounds imply that ^a,b should be at most 
of O(10"2), unless one pushes SUSY masses up to O(lTeV). 

In view of the previous considerations most authors dealing with the CMSSM prefer to simply 
put and ^B equal to zero. Actually, one may argue in favour of this choice by considering the soft 
breaking sector of the MSSM as resulting from SUSY breaking mechanisms which force ^a and ^b 
to vaiush. For instance, it is conceivable that both A and M originate from the same source of C/(1)r 
breaking. Since $a "measures" the relative phase of A and M, in this case it would "naturally"vanish. In 
some specific models it has been shown [40] that through an analogous mechanism also $b may vanish. 

If ^A = = 0, then the novelty of the CMSSM in CP violating contributions merely arises 
from the presence of the CKM phase in loops with SUSY particles [89, 91-96]. The crucial point is that 
the usual GIM suppression, which plays a major role in evaluating e and e' in the SM, is replaced in the 
MSSM case by a super-GIM cancellation, which has the same "power" of suppression as the original 
GIM (see previous section). Again also in the MSSM, as it is the case in the SM, the smallness of e 
and e' is guaranteed not by the smallness of 6ckm, but rather by the small CKM angles and/or small 
Yukawa couplings. By the same token, we do not expect any significant departure of the MSSM from 
the SM predictions also concerning CP violation in B physics. As a matter of fact, given the large lower 
bounds on squark and gluino masses, one expects relatively tiny contributions of the SUSY loops in 
e or s' in comparison with the normal W loops of the SM. Let us be more detailed on this point. In 
the MSSM the gluino exchange contribution to FCNC is subleading with respect to chargino (x^) and 
charged Higgs (H^) exchanges. Hence when dealing with CP violating FCNC processes in the MSSM 
with ^A = = one can confine the analysis to and loops. If one takes all squarks to be 
degenerate in mass and heavier than ~ 200 GeV, then ~ Q loops are obviously severely penalized 
with respect to the SM W — q loops (remember that at the vertices the same CKM angles occur in both 
cases). The only chance to generate sizable contributions to CP violating phenomena is for a Ught stop 
and chargino: in this case, sizable departures from the SM predictions are possible [86]. 
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In conclusion, the situation concerning CP violation in the MSSM case with = = and 
exact universality in the soft-breaking sector can be summarized in the following way: the MSSM does 
not lead to any significant deviation from the SM expectation for CP-violating phenomena as d^, e, 
e' and CP violation in B physics; the only exception to this statement concerns a small portion of the 
MSSM parameter space where a very light i and are present. 

1.3.5 Model-independent analysis ofFCNC and CP violating processes in SUSY 

Given a specific SUSY model it is in principle possible to make a full computation of all the FCNC 
phenomena in that context. However, given the variety of options for low-energy SUSY which was men- 
tioned in the Introduction (even confining ourselves here to models with R matter parity), it is important 
to have a way to extract from the whole host of FCNC processes a set of upper limits on quantities that 
can be readily computed in any chosen SUSY frame. 

A useful model-independent parameterization ofFCNC effects is the so-called mass insertion (MI) 
approximation [97]. It concerns the most peculiar source ofFCNC SUSY contributions that do not arise 
from the mere supersymmetrization of the FCNC in the SM. They originate from the FC couplings of 
gluinos and neutralinos to fermions and sfermions [98-100]. One chooses a basis for the fermion and 
sfermion states where all the couplings of these particles to neutral gauginos are flavour diagonal, while 
the FC is exhibited by the non-diagonality of the sfermion propagators. Denoting by A the off-diagonal 
terms in the sfermion mass matrices (i.e. the mass terms relating sfermions of the same electric charge, 
but different flavour), the sfermion propagators can be expanded as a series in terms of 6 = A/m^ where 
rh is the average sfermion mass. As long as A is significantly smaller than m^, we can just take the 
first term of this expansion and, then, the experimental information concerning FCNC and CP violating 
phenomena translates into upper bounds on these (5's [101-104]. 

Obviously the above mass insertion method presents the major advantage that one does not need 
the full diagonalization of the sfermion mass matrices to perform a test of the SUSY model under consid- 
eration in the FCNC sector. It is enough to compute ratios of the off-diagonal over the diagonal entries of 
the sfermion mass matrices and compare the results with the general bounds on the 5's that we provide 
here from all available experimental information. 

There exist four different A mass insertions connecting flavours i and j along a sfermion propaga- 
tor: (Ajj)^^, {Aij)j^j^, (Ajj)j^^ and {Aij)^j^. The indices L and R refer to the helicity of the fermion 
partners. Instead of the dimensionful quantities A it is more useful to provide bounds making use of 
dimensionless quantities, 6, that are obtained dividing the mass insertions by an average sfermion mass. 

The comparison of several flavour-changing processes to their experimental values can be used to 
bound the 6s in the different sectors [104-116]. In these analyses it is customary to consider only the 
dominant contributions due to gluino exchange, which give a good approximation of the full amplitude, 
barring accidental cancellations. In the same spirit, the bounds are usually obtained taking only one non- 
vanishing MI at a time, neglecting the interference among Mis. This procedure is justified a posteriori 
by observing that the MI bounds have typically a strong hierarchy, making the destructive interference 
among different Mis very unlikely. 

The effective Hamiltonians for AF = 1 and AF = 2 transitions including gluino contributions 
computed in the MI approximation can be found in the literature together with the formulae of several 
observables [104]. Even the full NLO calculation is available for the AF = 2 effective Hamiltonian [117, 
118]. See Refs. [111-113] for the calculation of tan /3-enhanced subleading terms for several B decays 
in the case of general flavour violation. 

In our study we use the phenomenological constraints collected in Table |2l In particular: 

Sector 1-2 The measurements of AMk, £ and e' /e are used to constrain the {612)^^ with 
{A,B) = {L,R). The first two measurements, AMk and e respectively bound the real and 
imaginary part of the product ((^12) {^12)- the case of AMk, given the uncertainty coming 
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Observable 


Measurement/Bound 


Ref. 






Sector 1-2 










(0.0-5.3) X 10-3 GeV 


[119] 




£ 




(2.232 ± 0.007) X lO^^ 


[119] 




I(e7^)s(75y| 




< 2 X 10-2 


- 






Sector 1-3 










(0.507 ±0.005) ps-i 


[386] 




sin 2^ 




0.675 ± 0.026 


[386] 




cos 2/3 




> -0.4 


[120] 






Sector 


2-3 




BR(6 ^ ( 


s + d)-f){E.f > 2.0 GeV) 


(3.06 ± 0.49) X lO-'' 


[121] 


BR(6 ^ ( 


s + d)-f){E^ > 1.8 GeV) 


(3.51 ±0.43) X lO-'' 


[122] 


BR(6 - 


s-f){E^ > 1.9 Gey) 


(3.34 ±0.18 ±0.48) x 10"^ 


[123] 




Acp{b 57) 




0.004 ± 0.036 




BR{b^ sl+l 


-)(0.04 GeV < q 


2 < 1 GeV) 


(11.34 ±5.96) X lO-'^ 


[124, 125] 


BR{b sl^ 


GeV < 


< 6 GeV) 


(15.9 ±4.9) X lO-'^ 


[124, 125] 


BR(6 ^ sl+l- 


-)(14.4 GeV < q 


^ < 25 GeV) 


(4.34 ± 1.15) X lO"'^ 


[124, 125] 


Acp{b^sl+l~) 




-0.22 ±0.26 


[119] 




AMb, 




(17.77 ±0.12) ps-i 


[126] 



Table 2: Measurements and bounds used to constrain the hadronic 6 s. 



from the long-distance contribution, we use the conservative range in Table [2] The measurement 
of e'/e, on the other hand, puts a bound on lm{Sf2)- This bound, however, is effective in the case of 
the LR MI only. Notice that, given the lai^ge hadronic uncertainties in the SM calculation of e'/e, 
we use the very loose bound on the SUSY contribution shown in Table |2l The bounds coming 
from the combined constraints are shown in Table [3] Notice that, here and in the other sectors, the 
bound on the RR MI is obtained in the presence of the radiatively-induced LL MI (see eq. (fTTI ). 
The product ((^12)^^ {^12) jiji generates left-right operators that are enhanced both by the QCD 
evolution and by the matrix element (for kaons only). Therefore, the bounds on RR Mis are more 
stringent than the ones on LL Mis. 

Sector 1-3 The measurements of AM^^ and 2/3 respectively constrain the modulus and the phase 
of the mixing amplitude bounding the products [Sf^) {^13) ■ simplicity, in Table [3] 

we show the bounds on the modulus of {Sf^) only. 

Sector 2-3 This sector enjoys the largest number of constraints. The recent measurement of 
AMbs constrains the modulus of the mixing amplitude, thus bounding the products | (523) {^23} I- 
Additional strong constraints come from AB = 1 branching ratios, such as b and b — > 

sl+l~. Also for this sector, we present the bounds on the modulus of (^23) in Tabled 

All the bounds in Table [3] have been obtained using the NLO expressions for SM contributions 
and for SUSY where available. Hadronic matrix elements of AF = 2 operators are taken from lattice 
calculations [127-130]. The values of the CKM parameters p and f] are taken from the UT fit analysis 
in the presence of arbitrary loop-mediated NP contributions [7]. This conservative choice allows us 
to decouple the determination of SUSY parameters from the CKM matrix. For 6 ^ 57 we use NLO 
expressions with the value of the charm quark mass suggested by the recent NNLO calculation [373]. 
For the chromomagnetic contribution to e' /e we have used the matrix element as estimated in Ref. [131]. 
The 95% probability bounds are computed using the statistical method described in Refs. [107, 132]. 

Concerning the dependence on the SUSY parameters, the bounds mainly depend on the gluino 
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{^12) LL=RR 






{^'12), a 




m2)RL 




1 • 10-^ 


2 • lO-"* 


5 • 10-4 


5 • 10-4 




i^l2)LL,RR 




(^12) LL=RR 




i^\2)LR 




i^u)RL 




3 • 10"^ 


2 • 10"^ 


6 • 10"^ 


6 • 10"^ 




i^is) LL,RR 




{^l-i)LL=RR 






i4s)LR 




i^l3)RL 




7-10-^ 


5 • 10"^ 


1 • 10-^ 


1 ■ 10-^ 




(^23)i?R 


\{^2^)lL=RR 


('^23) LR^RL 


2 • 10"^ 


7 • 10"^ 


5 • 10"^ 


5 • IQ-^ 



Table 3: 95% probability bounds on | (^1,)^^ | obtained for squark and gluino masses of 350 GeV. See the text 
for details. 



mass and on the "average squark mass". A mild dependence on tan /3 is introduced by the presence of 
double Mis ( 6fj ) ( 6j- j in chromomagnetic operators. This dependence however becomes sizable 

\ / LL \ / LR 

only for very large values of tan /3. Approximately, all bounds scale as squark and gluino masses. 
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1.4 Non-supersymmetric extensions of the Standard Model 

In this Section we briefly describe two most popular non-supersymmetric extensions of the Standard 
Model (SM), paying particular attention to the flavour structure of these models. These are Little Higgs 
models and a model with one universal extra dimension. 

1.4.1 Little Higgs models 

1.4.1.1 Little hierarchy problem and Little Higgs models 

The SM is in excellent agreement with the results of particle physics experiments, in particular with the 
electroweak (ew) precision measurements, thus suggesting that the SM cutoff scale is at least as large 
as lOTeV. Having such a relatively high cutoff, however, the SM requires an unsatisfactory fine-tuning 
to yield a correct 10^ GeV) scale for the squared Higgs mass, whose corrections are quadratic and 
therefore highly sensitive to the cutoff. This "little hierarchy problem" has been one of the main moti- 
vations to elaborate models of physics beyond the SM. While Supersymmetry is at present the leading 
candidate, different proposals have been formulated more recently. Among them. Little Higgs models 
play an important role, being perturbatively computable up to about 10 TeV and with a rather small num- 
ber of parameters, although their predictivity can be weakened by a certain sensitivity to the unknown 
UV-completion of these models (see below). 

In Little Higgs models [133] the Higgs is naturally light as it is identified with a Nambu-Goldstone 
boson (NGB) of a spontaneously broken global symmetry. An exact NGB, however, would have only 
derivative interactions. Gauge and Yukawa interactions of the Higgs have to be incorporated. This can 
be done without generating quadratically divergent one-loop contributions to the Higgs mass, through 
the so-called collective symmetry breaking. 

In the following we restrict ourselves to product-group Little Higgs models in order not to com- 
plicate the presentation. The idea of collective symmetry breaking has also been applied to simple- 
group models [134, 135], however the implementation is somewhat different there. (Product-group) 
Little Higgs models are based on a global symmetry group G, like G = G'^ in the case of moose-type 
models [133, 136] or G = SU{5) in the case of the Littlest Higgs, that is spontaneously broken to a 
subgroup if C G by the vacuum condensate of a non-linear sigma model field S. A subgroup of G is 
gauged, which contains at least two SU{2) x U{1) factors, or larger groups containing such factors. The 
gauge group is then broken to the SM gauge group SU{2)l x U (l)y by the vacuum expectation value 
(vev) of S. The potential for the Higgs field is generated radiatively, making thus the scale of the ew 
symmetry breaking v ~ 246 GeV a loop factor smaller than the scale /, where the breaking G ^ H 
takes place. 

In order to allow for a Higgs potential being generated radiatively, interaction terms explicitly 
breaking the global symmetry group G have to be included as well. However, these interactions have to 
preserve enough of the global symmetry to prevent the Higgs potential from quadratically divergent ra- 
diative contributions. Only when two or more of the corresponding couphng constants are non-vanishing, 
radiative corrections are allowed. In particular, only at two or higher loop level, quadratically divergent 
contributions appear, but these are safely small due to the loop factor in front. This mechanism is referred 
to as the collective symmetry breaking. 

1.4. 1.2 The Littlest Higgs 

The most economical, in matter content. Little Higgs model is the Littlest Higgs (LH) [137], where 
the global group SU{5) is spontaneously broken into SO (5) at the scale / 0(1 TeV) and the ew 
sector of the SM is embedded in an SU{5)/SO{5) non-linear sigma model. Gauge and Yukawa Higgs 
interactions are introduced by gauging the subgroup of SU{5): [SU{2) x U{l)]i x [SU{2) x U{1)]2, with 
gauge couplings respectively equal to gi, g'n 92, 92- The key feature for the realization of collective SB 
is that the two gauge factors commute with a different SU{3) global symmetry subgroup of SU (5), that 
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prevents the Higgs from becoming massive when the couplings of one of the two gauge factors vanish. 
Consequently, quadratic corrections to the squared Higgs mass involve two couplings and cannot appear 
at one-loop. In the LH model, the new particles appearing at the TeV scale are the heavy gauge bosons 
(W^, Zh, Ah), the heavy top (T) and the scalar triplet 

In the LH model, significant corrections to ew observables come from tree-level heavy gauge 
boson contributions and the triplet vev which breaks the custodial SU (2) symmetry. Consequently, ew 
precision tests are satisfied only for quite large values of the NP scale / > 2 — 3 TeV [138,139], unable to 
solve the little hierarchy problem. Since the LH model belongs to the class of models with Constrained 
Minimal Flavour Violation (CMFV) [12], the contributions of the new particles to FCNC processes turn 
out to be at most 10 - 20% [140-146]. 



1.4.1.3 T-parity 

Motivated by reconciUng the LH model with ew precision tests, Cheng and Low [147, 148] proposed to 
enlarge the symmetry structure of the theory by introducing a discrete symmetry called T-parity. T-parity 
acts as an automorphism which exchanges the [SU (2) x U (l)]i and [SU{2) x U{1)\2 gauge factors. The 
invariance of the theory under this automorphism implies gi = §2 and g'l = §2- Furthermore, T-parity 
explicitly forbids the tree-level contributions of heavy gauge bosons and the interactions that induced the 
triplet vev. The custodial SU{2) symmetry is restored and the compatibility with ew precision data is 
obtained already for smaller values of the NP scale, / > 500 GeV [149]. Another important consequence 
is that particle fields are T-even or T-odd under T-parity. The SM particles and the heavy top r+ are T- 
even, while the heavy gauge bosons W^,Zh, Ah and the scalar triplet $ are T-odd. Additional T-odd 
particles are required by T-parity: the odd heavy top r_ and the so-called mirror fermions, i.e., fermions 
corresponding to the SM ones but with opposite T-parity and 0{1 TeV) mass [150]. 



1.4.1.4 New flavour interactions in LHT 

Mirror fermions are characterized by new flavour interactions with SM fermions and heavy gauge bosons, 
which involve two new unitary mixing matrices, in the quark sector, analogous to the Cabibbo-Kobayashi- 
Maskawa (CKM) matrix Vckm [151, 152]. They are Vnd and Vhu, respectively involved when the SM 
quark is of down- or up- type, and satisfying V^^Vnd = Vckm [153]. Similarly, two new mixing matrices 
Vne and Vhu, appear in the lepton sector and are respectively involved when the SM lepton is charged 
or a neutrino and related to the PMNS matrix [154-156] through Vjj^Vni = ^pmns- ^Hd and Vnt 
contain 3 angles, like Vckm and Vrmns, but 3 (non-Majorana) phases [157], i.e. two more phases than 
the SM matrices, that cannot be rotated away in this case. 

Therefore, Vnd can be parameterized as 

/ „d „d „d „-i5^,, „d „-iSfr, \ 

^12^13 ■512^13^ 1^ ^13^ " 

y _ _ d d iSf^ _ d d d i{Sf.^-5^.^) d d _ d d d ii5f.^-5f,^-5'l^.^) d d „-i5± 

VHd — •5l2'^23*^ Ci2'523'5l3'^ '^12^23 '5l2"523'5l3'^ ^23^13^ ^ 

. „d „d eUS^y+Sic,) _ „d „d „d „iS^., „d „d „i<5i?o „d „d „d ^fo) ^rf ^rf 

\ *12'S23^ Cj^2C23'Sl3^ ~<^12^23^ " ~ ^12'^2'i^l2,^ " J 

(22) 

and a similar parameterization appUes to Vne.. 

The new flavour violating interactions involving mirror fermions contain the following combina- 
tions of elements of the mixing mattices 

eP = ^^TOd, if = V^lvifa. ^f^ = V^IVMa (^ = 1,2,3), (23) 
in the quark sector, respectively for K, and Bg systems, and 

Xi - ' Xi - vne ym > Xi - > y^) 

that enter the leptonic transitions ji ^ e,T ^ e and r ^ fi, respectively. 
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As the LHT model, in contrast to the LH model without T-parity does not belong to the Minimal 
Flavour Violation (MFV) class of models, significant effects in flavour violating observables both in the 
quark and in the lepton sector are possible. This becomes evident if one looks at the contributions of 
mirror fermions to the short distance functions X, Y and Z that govern rare and CP-violating K and B 
decays. For example, the mirror fermion contribution to be added to the SM one in the X function has 
the following structure [158] 



a!" 



(25) 



where the unitarity condition Y^^j=i — been used, F denotes a function of mirror fermion 

masses muj (j = 1, 2, 3), and X). ' are the well-known combinations of CKM elements, with i = K,d,s 
standing for K, and Bg systems, respectively. 

It is important to note that mirror fermion contributions are enhanced by a factor 1 /xf^ and are 
different for K, Bj and Bg systems, thus breaking universality. As x[^^ ~ 4 • 10^"^, whereas A^*^^ ~ 
1 • 10~^ and Aj*'' ~ 4 • 10~^, the deviation from the SM prediction in the K system is found to be by 
more than an order of magnitude larger than in the B^, system, and even by two orders of magnitude 
larger than in the Bg system. Analogous statements are valid for the Y and Z functions. 

Other LHT peculiarities are the rather small number of new particles and parameters (the SB scale 
/, the parameter xl describing T+ mass and interactions, the mirror fermion masses and Vnd and Vne 
parameters) and the absence of new operators in addition to the SM ones. On the other hand, one has to 
recall that Little Higgs models are low energy non-linear sigma models, whose unknown UV-completion 
introduces a theoretical uncertainty reflected by a logarithmically enhanced cut-off dependence [142, 158] 
in AF = 1 processes that receive contributions from Z-penguin and box diagrams. See [142, 158] for a 
detailed discussion of this issue. 



1.4.1.5 Phenomenological results 

We conclude this section with a summary of the main results found in recent LHT phenomenological 
studies [153, 158-161]. 

In the quark sector [153, 158, 159], the most evident departures from the SM predictions are found 
for CP-violating observables that are strongly suppressed in the SM. These are the branching ratio for 
Kl — > TT^vu and the CP-asymmetry 5^^, that can be enhanced by an order of magnitude relative to 
the SM predictions. Large departures from SM expectations are also possible for Br{KL 7r^i^£~) 
and Br{K^ tt~^vv) and the semileptonic CP-asymmetry ^1^, that can be enhanced by an order of 
magnitude. The branching ratios for Bg^d and B Xg^^vi?, instead, are modified by at most 

50% and 35%, respectively, and the effects of new electroweak penguins in S — > ttK are small, in 
agreement with the recent data. The new physics effects m B ^ ^s,dl and B — > Xs^d(-^£~ turn out to 
be below 5% and 15%, respectively, so that agreement with the data can easily be obtained. Small, but 
still significant effects have been found in Bg^ci mass differences. In particular, a 7% suppression of AM^ 
is possible, thus improving the compatibility with the recent experimental measurement [126, 162]. 

The possible discrepancy between the values of sin 2(3 following directly from Acp{Bn i(>Ks) 
and indirectly from the usual analysis of the unitarity triangle involving AM^^g and iV^b/V^bl can be 
cured within the LHT model thanks to a new phase ipB^ — —5°. 

The universality of new physics effects, characteristic for MFV models, can be largely broken, in 
particular between K and Bg ,i systems. In particular, sizable departures from MFV relations between 
AMg d and Br{Bg^d A*^M~) and between S^Ks and the K ^ ttvu decay rates are possible. Similar 
results have been recently obtained in a model with Z'-contributions [163]. 

More recently, the most interesting lepton flavour violating decays have also been studied [160, 



27 



161]. These are £i — > ijj analyzed in [160, 161] and r — > jiP (with P = Tr,r],ri') , — > e e+e , 
the six three-body decays r~ — i^^j'^'j^, the rate for /x — e conversion in nuclei, and the or B 
decays Kl,s IJ^e, Kl,s 7r°/Lte, Ba^g /xe, B^^^ re and B^^^^ ^ r/x studied in [161]. It 
was found that essentially all the rates considered can reach or approach present experimental upper 
bounds [164]. In particular, in order to suppress the fx —>■ ej and ^~ —>■ e~e+e~ decay rates and 
the /X — e conversion rate below the experimental upper bounds, the Vne mixing matrix has to be rather 
hierarchical, unless mirror leptons are quasi-degenerate. One finds [161] that the pattern of the branching 
ratios for LFV processes differs significantly from the one encountered in supersymmetry [165-167]. 
This is welcome as the distinction between supersymmetry and LHT models will be non-trivial in high 
energy collider experiments. Finally, the muon anomalous magnetic moment {g — 2)^ has also been 
considered [160, 161], finding the result a^^^ < 1.2 • 10"^'^, even for the scale / as low as 500 GeV. 
This value is roughly a factor 5 below the current experimental uncertainty, implying that the possible 
discrepancy between the SM prediction and the data cannot be solved in the LHT model. 

1.4.2 Universal Extra Dimensions 

Since the work of Kaluza and Klein [168, 169] models with more than three spatial dimensions often 
have been used to unify the forces of nature. More recently, inspired by string theory, extra dimensional 
models have been proposed to explain the origin of the TeV scale [170-179]. 

A simple extension of the SM including additional space dimensions is the ACD model [180] with 
one universal extra dimension (UED). Here all the SM fields are democratically allowed to propagate in 
a flat extra dimension compactified on an orbifold /Z^ of size 10~^^ m or smaller. In general UED 
models there can also be contributions from terms residing at the boundaries. Generically, these terms 
would violate bounds from flavour and CP violation. To be consistent with experiment, we will assume 
the minimal scenario where these terms vanish at the cut-off scale. The only additional free parameter 
then compared to the SM is the compactification scale \/R. Thus, all the tree level masses of the KK 
particles and their interactions among themselves and with the SM particles can be described in terms 
of and the parameters of the SM. In the effective four dimensional theory there are, in addition to 
the ordinary SM particles, denoted as zero (n = 0) modes, corresponding infinite towers of KK modes 
(n > 1) with masses m^^-j kk ~ "^o + "^n' where m„ = n/i? and mo is the mass of the zero mode. 

A very important property of UEDs is the conservation of KK parity that implies the absence of 
tree level KK contributions to low energy processes taking place at scales ji < 1/R. Therefore the 
flavour-changing neutral current (FCNC) processes like particle-antiparticle mixing, rare K and B de- 
cays and radiative decays are of particular interest. Since these processes first appear at one-loop in the 
SM and are strongly suppressed, the one-loop contributions from the KK modes to them could in prin- 
ciple be important. Also, due to conservation of KK parity the GIM mechanism significantly improves 
the convergence of the sum over KK modes and thus removes the sensitivity of the calculated branching 
ratios to the scale Mg ^ 1/R at which the higher dimensional theory becomes non-perturbative, and 
at which the towers of the KK particles must be cut off in an appropriate way. Since the low energy 
effective Hamiltonians are governed by local operators already present in the SM and the flavour and CP 
violation in this model is entirely governed by the SM Yukawas the UED model belongs to the class of 
models with CMFV [10, 12]. This has automatically the following important consequence for the FCNC 
processes considered in [17, 181-183]: the impact of the KK modes on the processes in question amounts 
only to the modification of the Inami-Lim one-loop functions [184], i.e. each function, which in the SM 
depends only on mt, now also becomes a function of 1/R: 

oo 2 2 

F{xt,l/R) = Fo{xt) + y^Fn{xt,Xn), Xt = ^, Xn = ^. (26) 
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1.5 Tools for flavour physics and beyond 
1.5.1 Tools for flavour physics 

An increasing number of calculations of flavour (related) observables is appearing, including more and 
more refined approaches and methods. It is desirable to have these calculations in the form of computer 
codes at hand. This allows to easily use the existing knowledge for checks of the parameters/models for 
a phenomenological/experimental analysis, or to check an independent calculation. 

As a first step in this direction we present here a collection of computer codes connected to the 
evaluation of flavour related observables. (A different class of codes, namely fit codes for the CKM 
triangle, are presented later in Section [T.5. 31 ) Some of these codes are specialized to the evaluation of 
a certain restricted set of observables at either low or high energies (the inclusion of codes for high- 
energy observables is motivated by the idea of testing a parameter space from both sides, i.e. at flavour 
factories and at the LHC). Others tools are devoted to the evaluation of particle spectra including NMFV 
effects of the MSSM or the 2HDM. Some codes allow the (essentially) arbitrary calculation of one-loop 
corrections including flavour effects. Finally tools are included that faciliate the hand-over of flavour 
parameters and observables. Following the general idea of providing the existing knowledge to the 
community, only codes that are either already publicly available, or that will become available in the 
near future are included. In order to be useful for the high-energy physics community, it is mandatory 
that the codes provide a minimum of user friendlyness and support. 

As a second step it would be desirable to connect different codes (working in the same model) to 
each other. This could go along the lines of the SUSY Les Houches Accord [185, 186], i.e. to define 
a common language, a common set of input parameters. It would require the continuous effort of the 
various authors of the codes to comply with these definitions. Another, possibly simpler approach is to 
implement the tools as sub-routines, called by a master code that takes care of the correct defintion of the 
input parameters. This is discussed in more detail in Section [T.5.2[ It will facilitate the use of the codes 
also for non-experts. 



name 


short description 


av. 


1 . no name 


KK mixing, mixing, 6 -> 57, 6 s l+l- in NMFV MSSM 





2. no name 


B physics observables in the MFV MSSM 


+ 


3. no name 


rare B and K decays in/beyond SM 





4. SusyBSG 


B in MSSM with MFV 


+ 


5. no name 


FCNC observables in MSSM 





6. no name 


FC Higgs/top decays in 2HDM I/II 





7. no name 


squark/gluino production at LO for NMFV MSSM 


+ 


8. FeynHiggs 


Higgs phenomenology in (NMFV) MSSM 


+ 


9. FCHDECAY 


FCNC Higgs decays in NMFV MSSM 


+ 


10. FeynArts/FormCalc 


(arbitrary) one-loop corrections in NMFV MSSM 


+ 


11. SLHALib2 


read/write SLHA2 data, i.e. NMFV/RPV/CPV MSSM, NMSSM 


+ 


12. Sof tSUSY 


NMFV MSSM parameters from GUT scale input 


+ 


13. SPheno 


NMFV MSSM parameters from GUT scale input 


+ 



Table 4: Overview about codes for the evaluation of flavour related observables; 
av. = availability: + = available, o = planned 



An overview of the available codes is given in Table IH To give a better idea of the properties of 
each code we also provide a list summarizing the authors, a short description, the models included, the 
input and output options, as well as the available literature: 
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1. no name 

Authors: M. Ciuchini et al. [107, 116, 187] 

Description: calculation of KK mixing, Bf^g-^Bf^g-^ mixing, b — > 57, b ^ s I'^l" 

Models: NMFV MSSM 

Input: electroweak-scale soft SUSY-breaking parameters 

Output: see Description, no special format 

Availability: available from the authors in the near future 

2. no name 

Authors: G. Isidori, P. Paradisi [32] 

Description: calculation of B physics observables 

Models: MFVMSSM 

Input: electroweak-scale soft SUSY-breaking parameters 

Output: see Description, no special format 

Availability: available from the authors upon request 

3. no name 

Authors: C. Bobeth, T. Ewerth, U. Haisch [188-190] 

Description: calculation of BR's, F/B asymmetries for rare B and K decays (in/exclusive) 

Models: SM, SUSY, CMFV 

Input: SM parameters, SUSY masses, scales 

Output: see Description, no special format 

Availability: available from the authors in the near future 

4. SusyBSG 

Authors: G. Degrassi, P. Gambino, P. Slavich [191] 

Description: Fortran code for B{B ^ ^sl) 

Models: SM, MSSM with MFV 

Input: see manual (SLHA(2) compatible) 

Output: see Description, no special format 

AvailabiUty: cern . ch/slavich/susybsg/home . html, manual available 

5. no name 

Authors: P. Chankowski, S. Jager, J. Rosiek [192] 
Description: calculation of various FCNC observables in the MSSM (computes 2-, 3-, 4-point Greens 
functions that can be used as building blocks for various amphtudes) 
Models: MSSM 

Input: MSSM Lagrangian parameters in super CKM basis (as in SLHA2) 
Output: see Description, no special format 
Availability: available from the authors in the near future 

6. no name 

Authors: S. Bejar, J. Guasch [193-195] 
Description: calculation of PC decays: ^ ^ tc, (f) ^ bs,t ^ c<p {(f) = h, H, A) 
Models: 2HDM type I/II (with A5, Ae) 
Input: similar to SLHA2 format 
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Output: similar to SLHA2 format 
Availability: available from the authors in the near future 

7. no name 

Authors: G. Bozzi, B. Fuks, M. Klasen 

Description: SUSY CKM matrix determination through squark- and gaugino production at LO 

Models: NMFVMSSM 

Input: MSSM spectrum as from SUSPECT (SLHA2 compUant) 

Output: cross section (and spin asymmetry, in case) as functions of CKM parameters 

Availability: from the authors upon request 

8. FeynHiggs 

Authors: S. Heinemeyer, T. Hahn, W. Hollik, H. Rzehak, G. Weiglein [199-201] 
Description: Higgs phenomenology (masses, mixings, cross sections, decay widths) 
Models: (N)MFV MSSM, CPV MSSM 

Input: electroweak-scale soft SUSY-breaking parameters (SLHA(2) compatible) 
Output: Higgs masses, mixings, cross sections, decay widths (SLHA(2) output possible) 
Availability: www . f eynhiggs . de , manual available 

9. FCHDECAY 

Authors: S. Bejar, J. Guasch [196-198] 

Description: BR((^ — > bs, tc) {(f) = h, H, A), BR(6 57), masses, mixing matrices 

Models: NMFVMSSM 

Input: viaSLHA2 

Output: viaSLHA2 

Availability: f chdecay . googlepages . com , manual available 

10. FeynArts/FormCalc 
Authors: T. Hahn [202-204] 

Description: Compute (essentially) arbitrary one-loop corrections 

Models: NMFV MSSM, CPV MSSM 

Input: Process definition 

Output: Fortran code to compute e.g. cross-sections, can be linked with SLHALib2 to obtain data 

from other codes 

Availability: www. f eynarts . de, www. f eynarts . de/f ormcalc, manual available 

11. SLHALib2 

Authors: T. Hahn [185,205] 

Description: read/write SLHA2 data 

Models: NMFV MSSM, RPV MSSM, CPV MSSM, NMSSM 

Input: SLHA2 input file 

Output: SLHA2 output file in the SLHA2 record 

Availability: www . f eynart s.de/slha, manual available 

12. SoftSUSY 
Authors: B. AUanach [206] 

Description: evaluates NMFV MSSM parameters from GUT scale input 
Models: NMFVMSSM 
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Input: SLHA2 input file 
Output: SLHA2 output file 
Availability: hepf orge . cedar . ac.uk/softsusy , manual available 

13. Spheno 

Authors: W. Porod [207] 

Description: evaluates NMFV MSSM parameters from GUT scale input and some flavour obs. 

Models: NMFV MSSM 

Input: SLHA2 input file 

Output: SLHA2 output file 

Availability: if ic . uv . es/~porod/SPheno . html , manual available 

1.5.2 Combination of flavour physics and high-energy tools 

It is desirable to connect different codes (e.g. working in the (N)MFV MSSM, as given in the previous 
subsection) to each other. Especially interesting is the combination of codes that provide the evaluation 
of (low-energy) flavour observables and others that deal with high-energy (high px) calculations for the 
same set of parameters. This combination would allow to test the ((N)MFV MSSM) parameter space 
with the results from flavour experiments as well as from high-energy experiments such as ATLAS or 
CMS. 

A relatively simple approach for the combination of different codes is their implementation as 
sub-routines, called by a "master code". This master code takes care of the correct defintion of the 
input parameters for the various subroutines. This would enable e.g. experimentalists to test whether 
the parameter space under investigation is in agreement with various existing experimental results from 
both, flavour and high-energy experiments. 

A first attempt to develop such a "master code" has recently been started [208]. So far the flavour 
physics code (2) [32] and the more high-energy observable oriented code FeynHiggs [199-201] have 
been implemented as subroutines. The inclusion of further codes is foreseen in the near future (see [1 100] 
for the latest developments). 

The application and use of the master code would change once experimental data showing a devia- 
tion from the SM predictions is available. This can come either from the on-going flavour experiments, or 
latest (hopefully) from ATLAS and CMS. If such a "signal" appears at the LHC, it has to be determined 
to which model and to wich parameters within a model it can correspond. Instead of checking parameter 
points (to be investigated experimentally) for their agreement with experimental data, now a scan over 
a chosen model could be performed. Using the master code with its subroutines each scan point can be 
tested against the "signal", and preferred parameter regions can be obtained using a evaluation. It 
is obvious that the number of evaluated observables has to be as large as possible, i.e. the number of 
subroutines (implemented codes) should be as big as possible. 

1.5.3 Fit tools 

The analysis of the CKM matrix or the Unitarity Triangle (UT) requires to combine several measurements 
in a consistent way in order to bound the range of relevant parameters. 

1.5.3. 1 The UTfit package 

The first approach derives bounds on the parameters p and f], determining the UT. The various observ- 
ables, in particular ex, which parameterizes CP violation in the neutral kaon sector, the sides of the UT 
Anid, Amd/ Arus, and the angles /?, a and 7, can be expressed as functions of p and fj, hence 

39, 



their measurements individually define probability regions in the {p, rf) plane. Their combination can be 
achieved in a theoretically sound way in the framework of the Bayesian approach [132]. 

Each of the functions relates a constraint Cj (where Cj stands for e^, jFub/Kfel^ etc.) to p and 
f\, via a set of parameters x, where x = {xi, X2, . . . , a;^?} stands for all experimentally determined or 
theoretically calculated quantities on which the various Cj depend, 



The quantities Cj and x are affected by several uncertainties, which must be properly taken into account. 
The final p.d.f. obtained starting from a flat distribution of p and 77 is 



The integration can be done by Monte Carlo methods. There are several ways to implement a Monte 
Carlo integration, using different techniques to generate events. 

The UT/z/ Collaboration has developed a software package, written in C++, that implements such 
a Bayesian Monte Carlo approach with the aim of performing the UT analysis. A considerable effort 
has been spent in order to achieve an optimal Monte Carlo generation efficiency. All the recent analyses 
pubhshed by the Collaboration are based on this package [7, 120,209-211]. 

The \]Tfit code includes an interface to import job options from a set of configuration files, an 
interface for storing the relevant p.d.f.s inside ROOT histograms, tools for generating input quantities, 
the p.d.f.s of which cannot be expressed in simple analytical form but must be numerically defined - 
e.g. the current measurements of a and 7 - and tools for plotting one-dimensional p.d.f.s and two- 
dimensional probability regions in the {p, f) plane). The \]Tfit code can be easily re-adapted to solve any 
kind of statistical problem that can be formalized in a Bayesian inferential framework. 

1.5.3.2 The CKMFitter package 

Another, somewhat different approach is followed by CKMFitter, an international group of experimental 
and theoretical particle physicists. Its goal is the phenomenology of the CKM matrix by performing a 
global analysis: 

- within the SM, by quantifying the agreement between the data and the theory, as a whole; 

- within the SM, by achieving the best estimate of the theoretical parameters and the not yet mea- 
sured observables; 

- within an extended theoretical framework, e.g. SUSY, by searching for specific signs of new 
physics by quantifying the agreement between the data and the extended theory, and by pinning 
down additional fundamental and free parameters of the extended theory. 

The CKMfitter package is entirely based on the frequentist approach. The theoretical uncertainties are 
modeled as allowed ranges (Rfit approach) and no other a priori information is assumed where none is 
available. More detailed information is provided in Ref. [8] and on the CKMfitter website [212]. 

The source code of the CKMfitter package consists of more than 40,000 lines of Fortran code 
and 2000 lines of C++ code. It is publicly available on the CKMfitter website. Over the years, the fit 
problems became more and more complex and the CPU time consumption increased. The global fit took 
about 20 hours (on one CPU). A year ago, it was decided to move to Mathematica [gain: analytical vs. 
numerical methods]: the global fit takes now 12 minutes. For the plots, we moved also from PAW with 
kumac macros to ROOT. 



Cj = Cj{p,r);x). 
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2 Weak decays of hadrons and QCD 
2.1 Overview 

QCD interactions, both at short and long distances, necessarily modify the amplitudes of quark flavour 
processes. These interactions need to be computed sufficiently well in order to determine the parameters 
and mechanisms of quark flavour physics from the weak decays of hadrons observed in experiment. The 
standard framework is provided by the effective weak Hamiltonians 



based on the operator product expansion and the renormalization group method. The Wilson coefficients 
Ci include all relevant physics from the highest scales, such as the weak scale My/, or some new physics 
scale, down to the appropriate scale of a given process, such as m,;, for S-meson decays. This part is 
theoretically well under control. Theoretical uncertainties are dominated by the hadronic matrix elements 
of local operators Qi. Considerable efforts are therefore devoted to calculate, estimate, eliminate or at 
least constrain such hadronic quantities in flavour physics applications. 

This section reviews the current status of theoretical methods to treat the strong interaction dy- 
namics in weak decays of flavoured mesons, with a particular- emphasis on B physics. Specific aspects 
of D-meson physics will be discussed in l3.9[ kaons will be considered in l3.8l 

The theory of charmless two-body B decays and the concept of factorization are reviewed in 12.21 
The status of higher-order perturbative QCD calculations in this field is described. Universal properties 
of electromagnetic radiative effects in two-body B decays, which influence precision studies and isospin 
relations, are also discussed here. Factorization in the heavy-quark limit simplifies the matrix elements 
of two-body hadronic B decays considerably. In this framework certain nonperturbative input quantities, 
for instance S-meson transition form factors, are in general still required. QCD sum rules on the light 
cone (LCSR) provide a means to compute heavy-to-light form factors at large recoil (B —>■ tt, B 
K* , etc.). The results have applications for two-body hadronic as well as rare and radiative S-meson 
decays. This subject is treated in section 1231 Complementary information can be obtained from lattice 
QCD, a general approach, based on first principles, to compute nonperturbative parameters of interest to 
quark flavour physics. Decay constants and form factors (at small recoil) are among the most important 
quantities. Uncertainties arise from the limitations of the practical implementations of lattice QCD. A 
critical discussion of this topic and a summary of results can be found in section l2!4l 
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2.2 Charmless two-body B decays 
2.2.1 Exclusive decays and factorization 

The calculation of branching fractions and CP asymmetries for charmless two-body B decays is rather 
involved, due to the interplay of various short- and long-distance QCD effects. Most importantly, the 
hadronic matrix elements of the relevant effective Hamiltonian H^^^^ [213] cannot readily be calculated 
from first principles. The idea of factorization is to disentangle short-distance QCD dynamics from 
genuinely non-perturbative hadronic effects. In order to quantify the hadronic uncertainties resulting 
from this procedure we have to 

- establish a factorization formula in quantum field theory, 

- identify and estimate the relevant hadronic input parameters. 

2.2.1.1 Basic concepts of factorization 

We consider generic charmless B decays into a pair of mesons, B —>■ M1M2, where we may think of 
i3 ^ vrvr as a typical example. The operators Qi in the weak Hamiltonian can be written as the local 
product of quark currents (and electro- or chromomagnetic field strength tensors), generically denoted as 
j"'*. In naive factorization one assumes that also on the hadronic level the matrix element can be written 
as a product. 



where C, (//) are Wilson coefficients, and the two matrix elements (if not zero) define the B M form 
factor and the decay constant of M, respectively. The naive factorization formula ( [30l) cannot be exact, 
because possible QCD interactions between A/2 and the other hadrons are neglected. On the technical 
level, this is reflected by an unmatched dependence on the factorization scale /i. 

In order to better understand the internal dynamics in the B — > M1M2 transition, it is useful to 
classify the external degrees of freedom according to their typical momentum scaling in the S-meson 
rest frame: 

heavy 6 quark: ~ mb(l,0_L,0), constituents of Mi : pd ^ Uimb/2{1,0±,+1) 
soft spectators: ps ~ 0{A) , constituents of M2: Pc2 — Vi'mb/2 {l,0±, —1) 

where A is a typical hadronic scale of the order of a few 100 MeV. The index ± denotes the directions in 
the plane transverse to the two pion momenta and u-i , Vi are momentum fractions satisfying < Ui,Vi < 
1. Interactions of particles with momenta pi and p2 imply internal virtualites of order {pi it ^2)^- 
In Table |5] we summarize the situation for the possible interactions between the i?-meson and pion 
constituents. We observe the emergence of two kinds of short-distance modes, 

- hard modes with invariant mass of order mi,, 

- hard-coUinear modes with energies of order mb/2 and invariant mass of order y/Arrii,. 

The systematic inclusion of these effects requires a simultaneous expansion in A /mi, and a^. The leading 
term in the A/mi, expansion can be written as [214, 215] 



The functions (j)M and (j)B^ denote process-independent light-cone distribution amplitudes (LCDA) for 
light and heavy mesons, respectively, /m, Jb are the corresponding decay constants, and F^^^ is a 



Ciifi) (MiM2|Q»|B) « Ciifi) {Mi\J^\B) {M2\J!\0) + (Mi ^ M2) 
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Table 5: External momentum configurations and their interactions in B 



Ml Ma. 





heavy 


soft 


colli 


C0II2 


heavy 




heavy 


hard 


hard 


soft 


heavy 


soft 


hard-coUi 


hard-coll2 


colli 


hard 


hard-coll 1 


colli 


hard 


C0II2 


hard 


hard-coll2 


hard 


C0II2 



B —>■ M QCD form factor at q'^ = 0. These quantities constitute the hadronic input. The coefficient 
function contains the effects of hard vertex corrections as in Fig. IStb). T}^ = 0{as) describes 
the hard and hard-coUinear spectator interactions as in Fig. Oc). The explicit scale dependence of the 
hard and hard-coUinear short-distance functions T/, T/^ matches the one from the Wilson coefficients 
and the distribution amplitudes. The formula ( [3T| ) holds for light flavour-nonsinglet pseudoscalars or 
longitudinally polarized vectors up to 1/ power corrections which do not, in general, factorize. Naive 
factorization. Fig. [51; a), is recovered in the limit ^ and A/m^ — > 0, in which reduces to 1. 




Fig. 5: Sample diagrams for QCD dynamics in i? ^ M1M2 transition: (a) naive factorization, (b) vertex correc- 
tion, sensitive to the momentum fraction v of coUinear quarks inside the emitted pion, (c) spectator interactions, 
sensitive to the momenta of collinear quarks in both pions and of the soft spectator in the B-meson. 



2.2.1.2 QCD factorization and soft-collinear effective theory (SCET) 

The factorization formula ( [3T] ) can also be understood in the context of an effective theory for soft- 
collinear interactions (SCET), see for instance Refs. [216-218,220]. Here the short-distance functions 
T-^'^^ arise as matching coefficients between QCD and the effective theory. The effective theory for 
B M1M2 decays is constructed in two steps. As a consequence, the short-distance function Tj^ can 
be further factorized into a hard coefficient Hj^ and a hard-coUinear jet function J 

r/-(„,„,.) = /..if..(„..)j,.,„,.). (32) 

Hj^ and J comprise (respectively) the contributions associated with the hard scale ~ mi, and the 
hard-collineai" scale /ihc ~ v^m^A from Feynman diagrams that do involve the spectator and cannot 
be absorbed into F^^^ . The effective theory can be used to determine the hard-coUinear contributions 
and to resum, if desired, parametrically large logarithms In fib / /Xhc by renormalization group methods. 
We emphasize that the theoretical basis for the (diagrammatic) factorization approach and SCET is the 
same. The factorization formula (|3TI ) was originally derived by a power-counting analysis of momentum 
regions of QCD Feynman diagrams and the resulting convolutions [214, 215]. However, in SCET the 
formulation of factorization proofs, the classification of power corrections of order A/mf,, the emergence 
of approximate symmetries, etc. may be more transparent [219,220]. 



2.2.1.3 QCD factorization vs. "pQCD approach" 

The so-called "pQCD approach" [221] follows an alternative approach to understand the strong dynam- 
ics in charmless S-decays. In contrast to QCD factorization, where the B meson form factors as well as a 
certain class of power corrections are identified as "non-factorizable" quantities of order (os)^, the pQCD 
approach describes all contributions to the hadronic matrix elements in terms of 0{as) hard-scattering 
kernels and non-perturbative wave functions. This is achieved by introducing additional infrared pre- 
scriptions which include an exponentiation of Sudakov logarithms and a phenomenological model for 
transverse momentum effects. The discussion of parametric and systematic theoretical uncertainties in 
the pQCD approach is more difficult, because a complete NLO (i.e. 0(a^)) analysis of non-factorizable 
effects has not yet been performed, and because independent information on the hadronic input func- 
tions is not available. We will therefore not attempt a detailed review here, but instead refer to a recent 
phenomenological analysis [222] for details. 

2.2.2 Theoretical uncertainties 

2.2.2.1 Status of perturbative calculations 

The calculation of the coefficient functions tI'^^ in SCET involves the determination of perturbative 
matching coefficients as well as of anomalous dimensions for effective-theory operators. The matching 
coefficients at order have been calculated in the original BBNS papers [214,223]. The 1-loop jet func- 
tion entering Tj^ has been determined in [224-227]. NLO results for the spectator scattering function at 
order have been reported in [228] and will be further discussed in section [2! 2. 3 I below. One important 
outcome of these investigations is that the perturbative expansion at the hard-coUinear scale seems to be 
reasonably well behaved, and the uncertainty associated with the factorization-scale dependence is under 
control. 

2.2.2.2 Hadronic input from non-perturbative methods 

Most of the theoretical information on i?-meson form factors (at large recoil) and light-cone distri- 
bution amplitudes comes from the QCD sum rule approach, see Ref. [229] and references therein for 
a review. State-of-the art predictions for decays into light pseudoscalars or vector mesons can be 
found in Refs. [230-232] and section 12.31 Typically one finds 15-20% uncertainties for form factors 
at = -Emax and the 1/n moment of distribution amplitudes. Recently, an alternative procedure has 
been proposed [233] (see also Refs. [234,235]), where sum rules are derived within SCET at the hard- 
coUinear scale. In particular, this approach allows us to separate the "soft" contribution to S-meson form 
factors, which is found to be dominating over the spectator-scattering term. 

Information on the light-cone distribution amplitude of the S-meson is encoded in the phenomeno- 
logically relevant moments 



A recent OPE analysis [236] finds A^^ = (2.09 ± 0.24) GeV"^ and a^^' = 1.61 ± 0.09 at /i = 1 GeV. 
Similar results, with somewhat larger uncertainties, have been obtained from sum rules in Ref. [237]. 

2.2.2.3 BBNS approach vs. BPRS approach 

So far, we have only considered the leading term in the 1 / expansion. Comparison with experimen- 
tal data as well as (model-dependent) estimates show that for certain decay topologies power correc- 
tions may not be negligible. Different options for dealing with these (non-factorizable) contributions 
lead to some ambiguity in the phenomenological analyses. The two main players are the "BBNS ap- 
proach" [223,238,239] and the "BPRS approach" [220,240]. A quahtative comparison of the different 
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Table 6: Comparison of different phenomenological assumptions in BBNS and BPRS approaches 





BBNS 


BPRS 


charm penguins 


included in hard functions 


left as complex fit parameter A p 


spectator term 


perturbative factorization 


fit to data 

(two real-valued quantities C, and 0) 


ext. hadronic input 


form factor and LCDA 
(different scenarios) 


LCDA for light meson 


power corrections 


model-dependent estimate 
(complex functions Xa and Xh) 


part of systematic uncertainties 



assumptions is given in Table [6] For more details see section |2.2.3[ the original publications and the 
controversial discussion in [241]. 

The main obstacle in this context is the quantitative explanation of strong phases from final-state 
rescattering effects. The factorization formula predicts these phases to be either perturbative (and cal- 
culable) or power-suppressed. This qualitative picture has also been confirmed by a recent sum rule 
analysis [242]. However, a model-independent approach to calculate the genuinely non-perturbative 
rescattering effects is still lacking. 

2.2.2.4 Flavour symmetries 

It is known for a long time (see for instance [243-245]) that approximate flavour symmetries in QCD 
can be used to relate branching fractions and CP asymmetries in different hadronic decay channels. 
In this way the hadronic parameters can be directly extracted from experiment. For instance, in case 
of B ^ TTTT, TTp, pp decays, the isospin analysis provides a powerful tool to constrain the CKM angle 
a in the SM (see Ref. [246] for a recent discussion). Isospin violation from the small quark mass 
difference m„ — and QED corrections are usually negligible. Still one has to keep in mind that long- 
distance radiative QED effects can be enhanced by large logarithms In Mb / and compete with short- 
distance isospin violation from electroweak penguin operators in Ti-eff- For instance, it has recently been 
shown [247] (see section l2!2.4l below) that the inclusion of soft photon radiation in charged B —>■ vrvr, irK 
decays can give up to 5% corrections, depending on the experimental cuts. Including hadronic states 
with strange quarks, one can use flavour-SU(3) to get even more constraints. In general, one expects 
corrections to the symmetry limit to be not larger than 30% (with the possible exception of potentially 
large differences in non-perturbative rescattering phases), see for instance the sum-rule analysis in [248]. 
In the long run, one should also aim to constrain first-order SU{3) corrections directly from experimental 
data. 

2.2.3 NNLO QCD corrections 

NNLO QCD corrections to the heavy-quark expansion of hadronic matrix elements for two-body charm- 
less hadronic i?-decays can be phenomenologically relevant and are important to assess the validity and 
perturbative stability of the factorization framework. This section gives a concise account of available 
results and their phenomenological impact. 

2.2.3. 1 Hard and hard-collinear matching coefficients 

The hard coefficients Tj and Hj^ introduced in l2.2.1l (eqs. (|3TI ) and (l32l )) are found by matching the lead- 
ing momentum dependence of (respectively) QCD four- and five-point functions with a Qi insertion to 
operators in SCETj given by products of a light (anti-)collinear quark bilinear and a heavy-light current. 
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Schematically, 



Q, = [dtTl{t)[x{tn.)xm\CAo[mhvm + — [dsCBi{s)[mD±i,ci{sn+)K{0)] 
J L rrib J 

+± [dtdsHj\t,s)[x{tn^)x{0)][mD^hci{sn+)h,m, (34) 
rrib J 

where certain Wilson lines and Dirac structures have been suppressed. The particular choice of heavy- 
light current in the first line is designed to reproduce the full QCD (not SCET) form factors; other 
choices of operator basis as, for instance, in the "SCET approach" [220], simply result in a reshuffling 
of contributions between the Tj and Hj^ terms. The product structure of either term together with the 
absence of soft-coUinear interactions from the SCETi Lagrangian at leading power suggests factorization 
of both terms' hadronic matrix elements into a light-cone distribution amplitude (M2 1 [xx] \0) oc (p Ah ^rid 
(respectively) the QCD form factor F^'^^ and a SCETi nonlocal "form factor" E^^^^ [s) [249]. This 
expectation is indeed borne out by the finiteness of the convolutions, found in all available computations. 

The jet function J (see eq. (l32l )) arises in matching the i?l-type current from SCETj onto SCETn 
and is known to NLO [224-227]. This matching takes the form (in position space) 

J d^xr^4cETi(a;)[e(0)£'±hci(sn+)/i,(0)]^ = J dwdrJ{s,r,wMrn+)m][Qsiwn-)h,{0)], 

(35) 

where we again have suppressed Dirac structures and Wilson lines. Fourier transforming with respect to 
s, r, w results in J{z, u, uj) entering eq. (|3T]) . 

At leading power, all one-loop corrections to H}^ and J and part of the two-loop contributions to 
are now available. The current-current corrections to Hj^ for the V—A x V—A operators (i = 1, 2) have 
been found in Refs. [228,250,251]. The imaginary parts of the corresponding two-loop contributions to 
have been computed in Ref. [252,253]. These are sufficient to obtain the topological tree amplitudes 
ai and 02, involving the large Wilson coefficients Ci ~ 1.1 and C2 ~ —0.2, at NNLO up to an 0{a'^) 
correction to the real part of T/. In particular, the imaginary part of ai 2 is now fully known at 0(0^). 
As it is first generated at 0{as), this represents a first step towards an NLO prediction of direct CP 
asymmetries in QCD factorization. Spectator-scattering corrections from the remaining V— A x V+ A 
operators, as well as penguin contractions and magnetic penguin insertions, have been computed in 
Ref. [254]. Together they constitute the QCD penguin amplitudes (p = n, c) and the colour-allowed 
and colour-suppressed electroweak penguin amplitudes Og it and a^Q, where the sign in front of 
depends on the spins of the final-state mesons, and certain numerically enhanced power corrections (og g, 
annihilation, etc.) are omitted (see, however, section l2!2.3.2b . 

2.2.3.2 Phenomenological impact and final remarks 

Numerical estimates of the and their uncertainties require estimating l/rrib corrections, some of which 
are "chirally enhanced" for pseudoscalars in the final state. Of these, the scalar penguin Og, and its elec- 
troweak analog Og, happen to factorize at 0{as)- NNLO corrections are not known and their factorization 
is an open question. Here we use the known 0{as) results. Annihilation and twist-3 spectator interac- 
tions do not factorize already at LO {0{as)). The former are not included in any but enter the physical 
decay amplitudes. The latter have flavour structure identical to the and are by convention included as 
estimates. For the colour-allowed and colour-suppressed tree amplitudes ai and 02, we find 

ai(7r7r) = 1.015 + [0.025 + 0.012i]i/ + [? + 0.027i]vy 

- { [0.020]lo + [0.034 + 0.029i]Hy + [0.012]tw3 } 

= 0.975+n?^ + (0.010t°:0^5)^, (36) 



3Q 



a2(7r7r) 




(37) 



In each expression, the first Ime gives the form-factor (vertex) contribution, the second Une the spectator- 
scattering contribution, and the third Une their sum with an estimate of the theoretical uncertainties due 
to hadronic input parameters (form factors, LCDAs, quark masses), power corrections, and neglected 
higher-order perturbative corrections as explained in detail in Ref. [254], where also the input parameter 
ranges employed here are given. The first two lines in Eqs. (l36l ) and (|37] ) are decomposed into the 
tree (naive factorization, q^), one-loop (V), and two-loop (VV) vertex correction (the question marks 
denote unknown real parts); tree (as, LO), one-loop (a^, HV), and twist-3 power correction (tw3) 
to spectator scattering. The prefactor rgp = (9/Mi/B)/("ife -F^^^^ As) encapsulates the bulk of the 
hadronic uncertainties of the spectator-scattering term. Numerically, for oi the corrections are, both 
individually and in their sum, at the few-percent level, such that ai is very close to 1 and to the naive- 
factorization result. On the other hand, individual corrections to a2 are large, with a near cancellation 
between naive factorization and the one-loop vertex correction. a2 is thus especially sensitive to spectator 
scattering and to higher-order vertex corrections. That these are all important is seen from the VV, LO, 
and HV numbers in eq. (|37] ). 

Analogous expressions can be given for the remaining amplitude parameters a| . . . a^Q [254], ex- 
cept that no two-loop vertex corrections are known. Qualitatively, NNLO spectator-scattering corrections 
are as important for the leading-power, but small (electroweak) penguin amplitudes 03 5 7 iq as they are 
for a2 but are found to be small for the large electroweak penguin amplitude Og. Corrections to the QCD 
penguin amplitude are also small, in spite of the involvement of the large Wilson coefficient Ci. This 
is due to a numerical cancellation, which may be accidental. The scalar QCD and electroweak penguin 
amplitudes and Og are power suppressed but "chirally enhanced". NNLO corrections to them are 
currently unknown but might involve sizable contributions proportional to Ci, unless a similar numerical 
cancellation as in the case of prevents this. This would be relevant for direct CP asymmetries in the 
-kK system and elsewhere. For a more complete discussion, see Ref. [254]. 

A good fraction of NNLO corrections to the QCD factorization formula are now available. While 
the perturbation expansion is well-behaved in all cases, some of these corrections turn out to be signif- 
icant, particularly those to the colour-suppressed tree and (electroweak) penguin amplitudes. Further 
important corrections to the QCD and colour-suppressed EW penguin amplitudes proportional to Ci 
may enter through the chirally-enhanced power corrections Og and Og, making their NNLO calculation 
an important goal. 

2.2.4 QED corrections to hadronic B decays 
2.2.4.1 Introduction 

The large amount of data collected so far at B factories has allowed to reach a statistical accuracy on 
B decays into pairs of (pseudo)scalars at a level where electromagnetic effects cannot be neglected 
anymore [255,256]. On one hand, a correct simulation of the unavoidable emission of photons from 
charged particles has to be included in Monte Carlo programs in order to evaluate the correct efficiency. 
On the other hand, a clear definiton of the effective cut on (soft) photon spectra is essential for a consistent 
comparison both between theory and experiments and between results from different experiments. 

We discuss the theoretical and experimental treatment of radiative corrections in hadronic B de- 
cays. We present analytical expressions to describe the leading effects induced by both real and virtual 
(soft) photons in the generic process H — > PiP2{'y), where both H and Pi^2 are scalar or pseudoscalar 
particles. We then discuss the procedures to be adopted in experimental analyses for a clear definition of 
the observables. 
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2.2.4.2 The scalar QED calculation 

General properties of QED have been exploited in detail for most of the pure electroweak processes or 
in general for processes that can be fully treated in terms of perturbation theory. This is not the case of 
hadronic decays. However, due to the universal character of infrared QED singularities, it is possible to 
estimate the leading 0{a) contributions to these processes within scalar QED, in the approximation of a 
point-like weak vertex. 

The most convenient infrared-safe observable related to the process B -P1-P2 is the photon 
inclusive width 



rincl /- TTimax \ 
12 ) 



T{B P1P2 + ra7)|^£;^<Emax = + Tu+n-yiE. 



(38) 



namely, the width for the process B P1P2 accompanied by any number of (undetected) photons, 
with total missing energy less or equal to ii;™^^ in the B meson rest frame. The infrared cut-off E^^^ 
can be the photon energy below which the state \P1P2) cannot be distinguished from the state IP1P2 + 
nj); however, in principle it can also be chosen to be a high reference scale (up to the kinematical 
limit). At any order in perturbation theory we can decompose in terms of two theoretical quantities: 
the so-called non-radiative width, r52, and the corresponding energy-dependent e.m. correction factor 
Gi2{E, 



maxj 



pincl^^ax) ^ r?2(/x) G,2{E^^,ti) 



(39) 



In the Umit E'!!^^ ^ Mb the electromagnetic correction factor can be reliably estimated within scalar 
QED. We define the non-radiative width r°2(Af) as 



\Ab-.PiP2{iI'W 



1 - (ri -I- r2f 1 - (ri - r2f 



rrii 



n = 



Mb ' 



(40) 
(41) 



namely the tree-level rate expressed in terms of the renormalized (scale-dependent) weak couphng. Here 
the rrii refer to the masses of the Ught mesons in the final state, Mb is the S-meson mass. The function 
Gi2(£'™^, m) can be written as 



Gi2{E,fi) = l + - 

TT 



612 In 



4^2 J 



Ml , 

^ ' +Fi2 + ^Hr2 + Nr2{li) 



(42) 



where H12 represents the finite term arising from virtual corrections, and F12 the energy-independent 
contribution generated by the real emission (here E = E™^): 



Ie- 
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+ F12 + 



E 

Mb 



(43) 



As expected, after summing real and virtual corrections, the infrared logarithmic divergences cancel 

out in Gi2{E,ii), giving rise to the universal ln(Ms/£'™'^^) term. The scale dependence contained in 
Ni2{fi) cancels out in the product x G12 due to the corresponding scale dependence of the weak 
coupling. For the explicit expressions of Fi2,Hi2 and A'^12 and a more detailed discussion of the 
dependence we refer to [247]. The result thus obtained can be appUed to both B and D decays. 

We finally give the results for and G+o in the limit mi^2, E <^ Mb, which represents a 

convenient, and very good approximation: 



G, 



l-^|[21ne + l + ln(l-(^2^]ln(^-^^ - 4\ne + ^ + 1 + 0{6)^ (44) 
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G+o = l--<^[lne+l + ln(l + (5)]ln( ^ j -21ne+ — -l + 0((5)}> (45) 



where 



"1-1+ "1-2 c- mi - m2 ^^^^ 
^ = ^7^7 ' ^ = ^ ' ^^^^ 

with 12 = H — , +0, respectively. This approximation also serves to clarify the physical relevance of 
the correction factors. The logarithmic terms as well as the Coulomb correction tt^) are model- 
independent, well defined effects. On the other hand, the remaining constant pieces (±1) are not mean- 
ingful in the absence of the proper UV matching, but they are subdominant and numerically rather small. 



2.2.4.3 Inclusion of final state radiation effects in an experimental analysis 

We will discuss in particular the inclusion of final state radiation in the analysis of rare B decays at B 
factories. In this kind of environment, the efficiency is estimated through Monte Carlo simulation where 
QED effects are taken into account using the PHOTOS simulation package [257]. The first issue is then to 
check if the performances of the entire event simulation chain are the ones expected from the theory. One 
can thus compare the simulated Gu (E^^^) function, as well as the energy and angular distribution of the 
generated photons (whose analytical expression can be found in [247]) and then, if needed, correct the 
distributions on which efficiency and parametrization of the fit variables are evaluated. Then, particular 
care has to be taken in order to quote the results in such a way that radiation effects can be disentagled. 
In principle, it would be necessary to select B candidates with a specified maximum amount of 0(100 
MeV) photon energy in the final states, a quantity which is difficult to reconstruct in a 5 factory context. 
Instead, one could define the data sample selecting on an observed variable which can be clearly related 
to the maximum allowed energy for photons EJ!^'^^. The variable AE = E*^ — \/s/2, where E*^ is the 
reconstructed B candidate energy in the e^e~ center of mass (CM) frame and the total CM energy, 
is clearly suitable for this purpose. The AE window chosen for the analysis would then allow for the 
presence of radiated photons up to the chosen cut, providing the possibility of quoting results, e.g., on 
branching fractions, with a defined cut on the soft photon spectrum. Once a result of this kind is obtained, 
it is easy to extract the weak coupUngs - which cannot be directly measured due to the intrinsic and 
unavoidable features of QED - employing the theoretical calculation explained in the previous section. 
This is very important, since the comparison between theoretical predictions and experiments can be 
done more efficiently in terms of the weak couplings. Moreover, a meaningful comparison between 
different experiments can only be done in terms of the weak coupUngs (non-radiative quantities) or in 
terms of the inclusive widths employing the same infrared cut-off. 



2.2.5 Outlook on future improvements 

The improvement of our quantitative understanding of hadronic effects in charmless non-leptonic B- 
decays requires both experimental and theoretical efforts: 

- Completion of the NNLO analyses for the factorizable vertex and hard-scattering contributions to 
reduce the perturbative uncertainties. 

- Further improvement in hadronic input parameters (form factors, LCDA) by non-perturbative 
methods, combined with experimental data on B- and L'-meson decays. 

- More systematic treatment of power-corrections. 

- Better understanding of SU (3)-breaking effects in the analysis of Bg and By^ ^L decays. 

In the future, the main limitations will probably be due to theoretical uncertainties in non-perturbative 
strong rescattering phases. 
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2.3 Light-cone QCD sum rules 
2.3.1 Distribution Amplitudes 

Light-cone wave functions or distribution amplitudes (DA) are matrix elements defined near light-like 
separations connecting hadrons to their partonic constituents. They are widely used in hard exclusive 
processes with high momentum transfer [258], which are often dominated by light-like distances. For- 
mally they appear in the light-cone operator product expansion (LCOPE) and can be seen as the analogue 
of matrix elements of local operators in the operator product expansion (OPE). The terms in the OPE are 
ordered according to the dimension of the operators, the terms in the LCOPE according to their twist, 
the dimension minus the spin. We shall discuss distribution amplitudes for light mesons, which are most 
relevant for the LHCb experiment ^. We shall take the i^(495) and the K*(%92) as representatives for 
the light pseudoscalar and vector mesons^. 



The vector is to be thought of as a vector close to the light-cone. The variable u {u = 1 — u) 
can be interpreted as the colhnear momentum fraction carried by one of the constituent quarks in 
the meson. Corrections to the leading twist come from three sources: 1. other Dirac-structures (e.g. 
{Q\q{x)-f^[x , 0]s(0)|iir(gf))), 2. higher Fock states (including an additional gluon) and 3. mass and light- 
cone corrections as indicated in the equations above. 

The wave functions (/>(«, /x) are non-perturbative objects. Their asymptotic forms are known from 
perturbative QCD, <j){u, ji) 6uu. Use of one-loop conformal symmetry of massless QCD is made 
by expanding in the eigenfunctions of the evolution kernel, the Gegenbauer polynomials Cn^^, 



where the a„ are hadronic parameters, the Gegenbauer moments. If n is odd they vanish for particles 
with definite G-parity, e.g. a2n+i(^) = 0. For the kaon a2n+i{K) / 0, which contributes to SU(3) 
breaking. In practice the expansion is truncated after a few terms. This is motivated by the fact that the 
hierarchy of anomalous dimensions 7„+i > 7„ > implies < |a„| at a sufficiently high scale. 

From concrete calculations and fits it indeed appears that the hierarchy already sets in at typical hadronic 
scales ~ 1 GeV. Moreover, for smooth kernels the higher Gegenbauer moments give small contributions 
upon convolution much like in the familiar case of the partial wave expansion in quantum mechanics. 

A different method is to model the wave-functions by using experimental and theoretical con- 
straints. In [276] a recursive relation between the Gegenbauer moments was proposed, which involves 
only two additional parameters. This constitutes an alternative tool especially in cases where the confor- 
mal expansion is converging slowly. 

We shall not report on higher-twist contributions here but refer to the literature [274, 275]. It 
should also be mentioned that higher-twist effects can be rather prominent such as in the time dependent 
CP asymmetry in B —> K*^ via soft gluon emission [262]. 

'There are of course other DA of interest. Baryon DA have recently been reviewed in [259], the photon DA is treated 
in [260] and a recent lecture on the B -meson DA can be found in [261]. 

*In the literature sometimes another phase convention for the vector meson states is used, where \ V) other = i\V)here- 
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2.3.1.1 Decay constants 

The decay constants normalize the DA. For the pseudoscalars vr, K they are well known form experiment. 
The decay constants of the r] and rj', and in general their wave functions, are more complicated due to 
r]-rj' mixing and the chiral anomaly and shall not be discussed here. For the vector particles there are 
two decay constants as seen from (|47] ). The longitudinal decay constants can be taken from experiment. 
For instance for p^, lu and they are taken from —>■ e+e^ and for p~ and K*^ from r~ — > V^Vr- 
It is worth noting that the difference in fpO and /p_ seems consistent with the expected size of isospin 
breaking, whereas some time ago there seemed to be a slight tension [266]. 

For the transverse decay constants /-*- one has to rely on theory. QCD sum rules provide both 
longitudinal and transverse decay constants [232, 263] 

fp = (206 ± 7) MeV //(I GeV) = (165 ± 9) MeV 

/x*=(222 ±8)MeV /j^.(l GeV)= (185 ± 10) MeV . (49) 

In lattice QCD there exist two quenched calculations of the ratio of decay constants [264,265], which 
are consistent with the sum rule values above. Combining all these experimental, sum rule and lattice 
results we get [267] 

fp = (216 ± 2) MeV fp{l GeV) = (165 ± 9) MeV 
= (187 ± 5) MeV /j^(l GeV) = (151 ± 9) MeV 

fK*= (220 ± 5) MeV /^,(1 GeV)= (185 ± 10) MeV 

=(215 ±5) MeV (1 GeV) = (186 ± 9) MeV . (50) 



2.3.1.2 The first and second Gegenbauer moment 

As mentioned before, the first Gegenbauer moment vanishes for particles with definite G-parity. Intu- 
itively the first Gegenbauer moment of the kaon is a measure of the average momentum fraction carried 
by the strange quark. Based on the constituent quark model it is expected that ai{K) > 0. A negative 
value of this quantity [268] created some confusion and initiated reinvestigations. The sum rule used 
in that work is of the non-diagonal type and has a non-positive definite spectral function, which makes 
the extraction of any kind of residue very unreliable. Later on diagonal sum rules were used and stable 
values were obtained [232, 269] (/i = 1 GeV) 

ai(/C,;u) = 0.06 ±0.03, a!(i^*, /x) = 0.03 ± 0.02, (K*, /i) = 0.04 ± 0.03, (51) 

although with relatively large uncertainties. An interesting alternative method was suggested in [270] 
where the first Gegenbauer moment was related to a quark-gluon matrix element via the equation of 
motion. An alternative derivation and a completion for aU cases was later given in [271]. The operator 
equation for the kaon is 

9 ms-mq , ^ ml-ml 

-ai{K) = ■ ^ + 4 2 — ^ - ^K4:{K) , 

5 rus + ruq mj^ 

where the twist-4 matrix element K4 is defined as: {0\q{gGaf_i)ij^j5s\K{q)) = iqafRrrij^n^iK). Sim- 
ilar equations exist for the longitudinal and transverse case. It is worth stressing that those operator 
relations are completely general and it remains to determine the twist-4 matrix elements. Attempts to 
determine them from QCD sum rules [270,271] turn out to be consistent with the determinations from 
diagonal sum rules ( |5T| ) but cannot compete in terms of the accuracy. Later lattice QCD provided the 
first Gegenbauer moment for the kaon DA from domain-wall fermions [272] and Wilson fermions [273] 
whose values agree very well with the central value of ai{K) in dSTI l. but have significantly lower un- 
certainty. 
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The second Gegenbauer moment has also been determined from diagonal sum rules for the vr and 
K [269,274] 

a2(vr,lGeV) = 0.27 ±0.08 ; / = 1.05 ±0.15 (52) 

It can be seen that the SU(3) breaking in the second moment is presumably moderate. Values of 02 for 
the vector mesons p, K* and 4> have recently been updated in [275]. 



2. 3. 2 Heavy-to-light form factors from LCSR 

Light-cone sum rules (LCSR) were developed to improve on some of the shortcomings of three-point 
sum rules designed to describe meson-to-meson transition form factors. The problem is that forB—^M 
transitions, where M is a light meson, higher order matrix elements grow with nif, rendering the OPE 
non-convergent. In the case D ^ M three-point sum rules and LCSR yield comparable results. A 
review of the framework of LCSR can be found in [229]. 

The form factors of V and A currents for B to light pseudoscalar and vector mesons are defined 
as {q=pB- p) 



{P{p)\qj^b\B{pB)) = U{q^ 
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The factor cy accounts for the flavour content of particles: cy = \/2 for p'^, u> and cy 
The tensor form factors, relevant for B — > 01 B ^ P{V)l~^l^, are defined as 

ifriq^^ 



1 otherwise. 
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with Ti(0) = 72(0). Note that the tensor form factors depend on the renormalization scale p of the 
matrix element. All form factors in (1531 ) - (l56l) are positive and e"^^^ = — 1. 

LCSR allow us to obtain the form factors from a suitable correlation function for virtualities of 
< Q'^ ^ 14GeV^. The residue in the sum rule is of the type (/b/+((J'^))sr- Using a second sum 
rule for (/b)sr to the same accuracy, the form factor is obtained as /_|_ = (/b/+((J'^))sr/(/b)sR' 
where several uncertainties cancel. The final uncertainties of the sum rule results for the form factors are 
around 10% and slightly more for the B K transitions due to the additional uncertainty in the first 
Gegenbauer moment. The most recent and up-to-date calculation for S ^ M form factors, including 
twist-3 radiative corrections, can be found in [230,231]. It is not obvious how the accuracy can be 
significantly improved by including further corrections. One interesting option would be to calculate 
NNLO QCD corrections, which could first be attempted in the large-/3o limit. 

Another interesting question is whether it is possible to extend the form factor calculations to the 
entire physical domain < q^ < {mB—mp(y^)'^ . It has been advocated by Becirevic and Kaidalov [277] 
to write the form factor as a dispersion relation in q^ with a lowest-lying pole term plus a contribution 
from multiparticle states, which in a minimal setup can be approximated by an effective pole term at 
higher mass: 

ri , f°° , p{s) ri 
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Table 7: Form factors from light-cone sum rules. 



/f--(o) 


rf^^(o) 




<^^(0) 


^r^(o) 




0.258 ±0.031 


0.267 ±0.023 


0.323 ± 0.030 


0.303 ± 0.029 


0.242 ± 0.023 


0.221 ±0.023 



In the past it has often been popular to adopt Vector Meson Dominance (VMD), i.e. to set r2 = 0. 
BaBar measurements of semileptonic decay spectra with five bins in the ^^-distribution now strongly 
disfavour simple VMD [278]. Another important point is that the fits to the parametrisation (|57] ) allow us 
to reproduce the results from LCSR extremely well [230,231]. The parametrisation also passes a number 
of consistency tests. The soft pion point /o(m^) = fs/ can be attained upon extrapolation, leading to 
a B-meson decay constant of fs ~ 205 MeV. This is well in the ballpai^k of expectations and consistent 
with the Belle measurement of B tu. Moreover the residue {ri)f^ = {f b* gBB'Tr) / {'^'^3*), which 
is rather stable under the fits, agrees within ten percent with what is known from hadronic physics. 
Representative results are given in Table |7] More form factors can be found in eq. (27) and Tab. 3 
of [230] for B 7:, K,r] and in Tab. 8 of [231] for B p, K*, (j), io. It has to be emphasized that the 
B ^ K, K* transitions have been evaluated before the progress in the SU(3)-breaking was achieved. 
An update would be timely and will certainly be undertaken for such important cases as i? — > K*l^l~ . 
In particular for the B K*^ decay rate in the standard model (SM) it was emphasized by [279,280] 
that within the framwork of QCD factorization ri(0)sM-exp,QCDF = 0.28 ± 0.02. An update of SU(3)- 
breaking effects yields ri(0) = 0.31 ± 0.04 [281], which seems reasonably consistent. 

In certain decay channels, such as i? ^ K*l^l^ , several form factors enter at the same time. 
Sometimes ratios of decay rates are needed, e.g. for the extraction of | Vi(i/Vts| from B — > K*'^. Simply 
taking the uncertainties in the individual form factors and adding them linearly could be a drastic over- 
estimate since parametric uncertainties, such as those from m;,, might cancel in the quantities of interest. 
In the former case no efforts have been undertaken. In the latter case a consistent evaluation [263] leads 
to the form factor ratio ^ = ^^*(0)/rf ^^(0) = 1.17 ± 0.09. 

2.3.3 Comparison with heavy-to-light form factors from relativistic quark models 

W. Lucha, D. Melikhov, S. Simula, B. Stech 

Quark models have been frequently used in the past to estimate hadronic quantities such as form 
factors. They may be applied to complicated processes hardly accessible to lattice calculations and they 
provide connections between different processes through the wave functions of the participating hadrons. 
Relativistic quark models are based on a simplified picture of QCD: Below the chiral symmetry breaking 



Table 8: Examples of form factors for B ^ p [Bs K*] from the quark model [292]. 



V{0) 


yli(O) 


^2(0) 


^o(O) 


ri(o) 




0.31 [0.44] 


0.26 [0.36] 


0.24 [0.32] 


0.29 [0.45] 


0.27 [0.39] 


0.19 [0. 27] 



scale fi^ ^ 1 GeV, quarks are treated as particles of fixed mass interacting via a relativistic potential 
and hadron wave functions and masses are found as solutions of three-dimensional reductions of the 
Bethe-Salpeter equation. The structure of the confining potential is restricted by rigorous properties of 
QCD, such as heavy-quark symmetry for the heavy-quark sector [282, 283] and spontaneously broken 
chiral symmetry for the light-quark sector [284]. The values of the constituent-quark masses and the 
parameters of the potential are fixed by requiring that the spectrum of observed hadron states is well 
reproduced [285,286]. 

Various versions of the quark model were applied to the description of weak properties of heavy 
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hadrons (see e.g. [287-289]). For instance, the weak transition form factors are given in the quark model 
in [290] by relativistic double spectral representations in terms of the wave functions of initial and final 
hadrons and the double spectral density of the corresponding Feynman diagrams with massive quarks. 
This approach led to very successful predictions for D decays [291,292]. Many results for various B and 
Bs decays have been obtained [292-296], yielding an overall picture in agreement with other approaches, 
such as QCD sum rules. Table[8]gives examples of the results from [292]. A comparison between various 
quark models performed in [297] leads to a qualitative estimate of the overall uncertainty of some 10- 
15%. The main limitation of the quark model approach is the difficulty to provide rigorous estimates of 
the systematic errors of the calculated hadron parameters. In this respect, quark models cannot compete 
with lattice gauge theory. 
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2.4 Lattice QCD 
2.4.1 Recent results 

In this section we give a summary of recent lattice results relevant to flavour physics. The tables should 
be consulted with an eye on the systematics discussed in 12.4.21 For a more complete coverage, see 
the review talks on heavy flavour physics [298-300] and kaon physics [301-303] at the last few lattice 
conferences. 



2.4.1.1 Decay constants 

The axial-vector decay constants relevant to the ir —>■ iu leptonic decays 

{0\idj^^5n){x)\7rip)) = iUp^e-'P-^ (58) 

(and analogously for K, D, B mesons) may be evaluated on the lattice. Some recent results are collected 
in Table |9l The first column gives the statistical and systematic errors. The second column says whether 



Table 9: Decay constants from lattice QCD. 



Jk/ fn 
Ik/ Itt 

Ik/ fiT 
Ik/ fiT 



1.24(2) 
1.218(2)(tii] 
1.208(2)(;?I: 
1.189(7) 



Id 
fn 



= 242(09)(10) MeV 
= 240(5) (5) MeV 
= 249(03) (16) MeV 
= 238(11)(1^^) MeV 
= 241(3) MeV 
232(7)(1^)(53) MeV 
202(12)(1^?) MeV 



fnJfD = 1.05(2)(10)(6) 



JdJId 
fos/ fo 



1.24(7) 
1.162(9) 



Jb^ = 192 (6) (4) MeV 
Jb, = 205(12) MeV 
Jb, = 191(6) MeV 
Jb^ = 242(9)(51) MeV 
/b. = 217(6)(ti) MeV 
/s, = 260(7) (26) (8) MeV 
fBjfB = 1.179(18)(23) 
fBjfB = 1.16(1)(3)(1^) 

IbJIb = 

fBjfB = 1.20(3)(1) 
fBjfB = 1.29(4)(6) 



Nf 
Nf 
Nf 
Nf 

Nf 
Nf 
Nf 
Nf 
Nf 
Nf 
Nf 
Nf 
Nf 
Nf 

Nf 
Nf 



N 



7 



N 



7 
Nf 

Nf 

Nf 

Nf 

Nf 

Nf 

Nf 



2 + 1 

2 + 1 

2 + 1 

2 + 1 




2 + 1 
2 

2 + 1 

2 


2 + 1 
2 + 1 




2 
2 

2 + 1 
2 
2 
2 

2 + 1 
2 



dnrn/dom 


no 


RBC/UKOCD [3041 




no 


NPLOCD [3051 


stae/stas? 


yes 


MILC [3061 


Stag/stag 


yes 


HPQCD [307] 


— /clov 


yes 


ALPHA [308] 


— /clov 


yes 


Romell [309] 


stag/stag 


yes 


FNAL/MILC/+ [310] 


clov/clov 


yes 


CP-PACS [298] 


stag/stag 


yes 


HPQCD [307] 


— /dom 


no 


RBC [311] 


clov/clov 


yes 


CP-PACS [298] 


— /dom 


no 


RBC [311] 


stag/stag 


yes 


FNAL/MILC/-H [310] 


stag/stag 


yes 


HPQCD [307] 


— /clov 


yes 


Romell [309] 


— /clov 


yes 


ALPHA [312] 


— /clov 


yes 


ALPHA [313] 


clov/clov 


yes 


CP-PACS [314] 


stag/wils 


yes 


MILC [315] 


clov/clov 


no 


HPQCD [316] 


clov/clov 


yes 


CP-PACS [314] 


stag/wils 


yes 


MILC [315] 


clov/clov 


no 


JLQCD [317] 


stag/stag 


yes 


HPQCD [318] 


dom/dom 


no 


RBC [319] 



the simulations are quenched {Nf = 0), or dynamical with a common m^^ mass only {Nf = 2), or 
with strange quark loops included {Nf = 2 + 1). The remaining columns indicate the light quark 
formulation in the sea and valence sectors and whether a continuum extrapolation has been attempted. 
To the quenched results, an extra 5% scale setting error should be added (see I2.4.2TT]) . Generally, the 
lattice results compare favourably to the recent experimental determinations (using the appropriate CKM 
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element from another process) fo = 223(17) (03) MeV at CLEO [320], fo^ = 282(16) (7) MeV at 
CLEO [321], fo, = 283(17)(16) MeV at BaBar [322] and fs = 229(1|5)(1|^) MeV at Belle [323]. 
One may also form the ratio y/Mn^fnJy/Mnff) and compare to the result 1.30(12), implied by the 
CLEO and BaBar numbers. 



2.4.1.2 Formfactors 

The vector form factors of semi-leptonic decays like B — > -kIv or D — > Klv, defined in (|53] ). can be 
calculated in the range g^jj^ < < q^^^^, ssih&m q^.^-^ = (Ms— Mtt)^, (Md—Mx)^, respectively, while 
g^jjj is a soft bound (set by the cut-off effects and noise one considers tolerable). Often /+(0) = /o(0) is 
used and a parametrisation is employed to extrapolate. Among the most popular are those of Becirevic- 
Kaidalov [277] and Ball-Zwicky [277,278] 

where q"^ = q'^/M'^, (or q'^/M'l), for D-decays), with the parameters / = /+(0),Q! (BK,BZ) and r 
(BZ). The expression in (l60l ) is equivalent to the approximate form in ([57] ). Some recent results, with 
the same meaning of the columns as before, are given in Table [TOl The definition of JT is given in [330]. 



Table 10: Form factors from lattice QCD. 





= 0.960(5)(7) 




= 


— /clov 


no 


Romel-Orsay [324] 


ft 


-(0) 


= 0.952(6) 


iV/ 


= 2 


clov/clov 


no 


JLQCD [325] 


ft 


--(0) 


= 0.968(9)(6) 


iV/ 


= 2 


dom/dom 


no 


RBC [326] 




-^0) 


= 0.9680(16) 


Nf 


= 2 + 1 


dom/dom 


no 


UKQCD/RBC [327] 




= 0.962(6)(9) 


Nf 


= 2 + 1 


stag/clov 


no 


FNAL/MILC/+ [328] 


ff- 


-(0) 


= 0.64(3)(6) 


Nf 


= 2 + 1 


stag/stag 


no 


FNAL/MILC/+ [329] 


ft 


^^(0) 


= 0.73(3)(7) 


Nf 


= 2 + 1 


stag/stag 


no 


FNAL/MILC/+ [329] 


ft 


-(0) 


= 0.23(2)(3) 


Nf 


= 2 + 1 


stag/stag 


no 


FNAL/MILC/+ [330] 


ft 


-(0) 


= 0.31(5)(4) 


Nf 


= 2 + 1 


stag/stag 


yes 


HPQCD [331] 




-«(1) 


= 1.074(18)(16) 


Nf 


= 2 + 1 


stag/stag 


no 


FNAL/MILC/+ [330] 




-«(1) 


= 1.026(17) 


Nf 


= 


— /clov 


yes 


Romell [332] 



EarUer work on the B ttIu form factors can be found in [333-336]. For D Kiu and D Triv 
the -dependence of the form factors has been traced out by the FNAL/MILC/-I- collaboration [329] and 
compared to experimental results by the BES [337] and FOCUS [338] collaborations. For B ttIv 
the (/^-dependence, as determined by the HPQCD and FNAL/MILC/-I- collaborations, is in reasonable 
agreement [298]. For a generic comment why the form factor at = is not always the best thing to 
ask for from the lattice, see section 12.4.31 

2.4.1.3 Bag parameters 

On the lattice, the SM bag parameters BxifJ-) and Bb{i-i) for neutral kaon and B-meson mixing 

{K'>\{sd)v-A{sd)v-A\K'>) = ^MlflBK (61) 
{B%bq)v^A{bq)v-A\B''^) = ^MIJ%Bb, {q = d,s) (62) 

4Q 



are extracted indirectly. The measured quantities are f^^Bs and fs', then the ratio is taken to obtain the 
quoted Bb (similar for Bk). Therefore, it makes little sense to combine Bb from one group and /b 
from another to come up with a lattice value for JbVBb- On the other hand 



(63) 



is benevolent, from a lattice viewpoint, since it follows from the ratio of the same correlator with two 
different quark masses (in practice, an extrapolation — > m^^'^ is needed). Many systematic uncer- 
tainties cancel in such ratios, but the chiral extrapolation error is not reduced. It would make sense to 
quote the renormalisation scheme and scale independent quantity 



Bx = lim as{fif/^° 



a 



l + -^JNf + - Bxiii) 



(64) 



with known J^r^ . From a perturbative viewpoint Bx and Bx are equivalent, but from a lattice perspective 
the latter is much better defined. Recent results for Bx = Bj^C^ GeV) and Bb = i?B(mfe) are quoted in 
Table [TT] Note that these values refer to bag parameters with spinor structure VV + A A in the 4-fermion 



Table 11: Bag parameters from lattice QCD. 



Bk = 0.5746(061)(191) 
Bk = 0.55(7) 
Bk = 0.96(10) [hat] 
Bk = 0.563(21)(49) 
Bk = 0.563(47)(07) 
Bk = 0.789(46) [hat] 
Bk = 0.49(13) 
Bk = 0.495(18) 
Bk = 0.618(18)(135) 
Bk = 0.557(12)(29) 



Bb. 
Bb 

BbJBb 
Bbs/Bb 



0.940(16)(22) 



0.836(27) (1^^) 
1.017(16)(: 
1.06(6)(4) 



56 N, 

n) 



fBs^/BB^= 281(21) MeV 

C = l.U{3){tll) 
C = 1.33(8)(8) 



Nf 
Nf 
Nf 



N 



7 



N 



7 



7 



Nf 
Nf 



N 



7 
Nf 
Nf 
Nf 
Nf 

Nf 

Nf 
Nf 









2 
2 

2 + 1 
2 + 1 


2 
2 
2 

2 + 1 

2 
2 



— /dom 

— /over 

— /wils 

— /dom 

— /over 

— /twis 
clov/clov 
dom/dom 
stag/stag 
dom/dom 

— /over 
clov/clov 
clov/clov 
dom/dom 

stag/stag 

clov/clov 
dom/dom 



yes CP-PACS [339] 

yes MILC [340] 

yes Becirevic et al. [341] 

yes RBC [342] 

yes BMW [129] 

yes ALPHA [343] 

no UKQCD [344] 

no RBC [345] 

no HPQCD/UKQCD [346] 

no RBC/UKQCD [347] 

no Orsay [348] 

no JLQCD [317] 

no JLQCD [317] 

no RBC [319] 

no HPQCD [349] 



no 
no 



JLQCD [317] 
RBC [319] 



operator, as they appear in the SM. 
2.4.1.4 BSM matrix elements 

There are several hadronic matrix elements for BSM operators available from the lattice. Kaon-mixing 
matrix elements with VV — AA, SS + PP, SS — PP, TT spinor structure in the 4-fermion operator are 
found in [129, 130, 342, 350, 351] and (7r°|(5+ is being addressed in [352]. In the literature, they go 
by the name of "SUSY matrix elements", but the idea is that only the (perturbatively calculated) Wilson 
coefficient refers to the specific BSM theory, while the (lattice evaluated) matrix element is fully generic. 
Thanks to massless overlap fermions [353, 354] obeying the Ginsparg-Wilson relation [355] and hence 
enjoying a lattice analogue of chiral symmetry [356], it is now possible to avoid admixtures of operators 
with an unwanted chirality structure. 
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Table 12: CKM matrix elements from lattice QCD. 



14s Lat05 


Kfe LatOS 


\Vcd\Lat05 


LatOS 


V'cfe LatOS 


0.2244(14) 


3.76(68) 10"^ 


0.245(22) 


0.97(10) 


3.91(09)(34) 10"^ 



2.4.1.5 CKM matrix elements 



In his Lattice 2005 write-up [298], Okamoto quantifies the magnitudes of all CKM matrix elements, 
except \Vtd\, using exclusively lattice results (and experimental data, of course). They are collected in 
Table [T2l The magnitudes \ Vud\, l^tsli Wtb\ may be subsequently determined, if one assumes unitarity of 



VcKM. This gives \Vud\ftto^ = 0.9743(3), l^isl^^tos = 3.79(53) 10"^ and \Vt 



,SM 
tfclLatOS 



0.9992(1). 



2.4.2 Scale setting and systematic effects 

2.4.2.1 Burning Nf + 1 observables in Nf flavour QCD 

In a calculation with, say, a common ud and separate s, c quark masses, four observables must be used 
to set the lattice spacing and to adjust m^d, fns,mc to their physical values (with m^d there is a practical 
problem, but this is immaterial to the present discussion). In general, Nf + l lattice observables cannot 
be used to make predictions, since LQCD establishes a connection 



Mk 
Mp 

\ Mb J 



experiment 



/ Aqcd \ 
rriud 

\ rub J 

V • 

parameters 



+ 



Ik, Bk 
I'd, I'ds 

Ib, Ibs 



predictions 



With infinitely precise data it would not matter which observables are sacrificed to specify the bare 
parameters in a given run (every observable depends a bit on each of the A^ + 1 parameters). In practice, 
the situation is different. To adjust the bare parameters in a controlled way, it is important to single out 
A^+1 observables that are easy to measure, do not show tremendous cut-off effects and depend strongly 
on one physical parameter but as weakly as possible on all other. By now it is clear that one should not 
use any broad resonance (e.g. the p), since this introduces large ambiguities [357]. 

Frequently, the Sommer radius tq [358] is used as an intermediate scale-setting quantity; e.g. the 
continuum limit is taken for Jbs^o- But the issue remains what physical distance should be identified 
with vq. Typically, a quenched lattice study converts a value for /b^tq with specified statistical and 
systematic errors into an MeV result for /s^, assuming that vq is exactly 0.5 fm (the preferred value from 
charmonium spectroscopy), or exactly 0.47 fm (from the proton mass), or exactly 0.51 fm (from fx)- If 
one is interested in quenched QCD, any of these values is fine. However, if one intends to use the result 
for phenomenological purposes, it is more advisable to attribute a certain error to (ro MeV) itself. For 
instance, one might use vq = 0.49(2) fm. This is where the suggestion to add an extra 5% scale-setting 
ambiguity to most quenched results comes from. In principle, such ambiguities persist in = 2 + 1 
QCD, but they get smaller as one moves towards realistic quark masses. 



2.4.2.2 Perturbative versus non-perturbative renormalisation 

On the lattice, there are two types of renormalisation. Obviously, any operator which "runs" requires 
renormalisation. For instance, when calculating a bag parameter, the lattice result is i?^"°''^^'^™(a^^), 
where the superscript indicates the specific cut-off scheme defined by the gluon and fermion actions that 
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have been used. In order to obtain an observable with a well-defined continuum hmit, this object needs 
to be converted into a scheme where the pertinent scale is not Unked to the cut-off a~^. Consequently, 
the conversion factor in = C(/xa)-B^"^'^^'^™(a~^) would diverge in the continuum limit, but this 

is immaterial, since C {^a) is not an observable. 

Besides, a finite renormalisation is used for many quantities of interest. For instance, to measure 
/tt, one multiplies the point-like axial-vector current = d'y^'y^u with a renormalisation factor Z^. 
Asymptotically (for large /?), this factor behaves hke = l-|-const//? + 0(/3^^). Accordingly, Za{I3) 
may be calculated either in weak coupUng perturbation theory or non-perturbatively. For some actions 
both avenues have been pursued, and sometimes it was found that within perturbation theory it is difficult 
to estimate the error (there may be big shifts when going from 1-loop to 2-loop and/or all perturbative 
calculations of Za{/3) may differ significantly from the outcome of a non-perturbative determination). 
The results with Nf = 2+1 staggered quarks rely on perturbation theory and some experts fear that some 
of the renormalisation factors may be less precisely known than what is currently believed. On the other 
hand one might argue that these actions involve UV-filtering ("Unk-fattening") and may be less prone to 
such uncertainties than unfiltered ("thin-Unk") actions. These issues are under active investigation. 

2.4.2.3 Summary of extrapolations 

Lattice calculations are done in a euclidean box x T with a finite lattice spacing a. From a field- 
theoretic viewpoint only the T ^ oo limit is needed to define particle properties (to locate the pole 
of an Euclidean Green's function and to extract the residue, the t ^ oo behaviour of the correlation 
function C{t) needs to be studied). All other Umits are taken subsequently in the physical observables. 
A summary of all extrapolations involved is: 

1) T — *• oo or removal of excited states contamination (in practice, choosing rs>i is sufficient) 

2) a ^ or removal of discretisation effects (at fixed V = L'^ and fixed Afhad^) 

3) y oo or removal of (spatial) finite-size effects (at fixed renormaUsed quark masses) 

4) mud "^ud^^ '^^ chiral extrapolation 

5) nif, m^^^^ or heavy-quark extrapolation/interpolation (not with Fermilab formulation) 

Extrapolations 1-3 are standard in the sense that one knows how to control them. The chiral extrapolation 
is far from innocent, since it is not really justified to use chiral perturbation theory [359, 360] if one 
cannot clearly identify chiral logs in the data, and it is hard to tell such logs from lattice artifacts and 
finite-size effects. The entries with the smallest error bars among the Nf = 2 + 1 data quoted above stem 
from simulations with the staggered action. In such studies the extrapolations 2 and 4 are performed by 
means of staggered chiral perturbation theory [361,362], using a large number of fitting parameters. This 
makes it hard to judge whether the quoted error is realistic, but at least the "post processing" is done in 
a field-theoretic framework (no modelling). The fifth point depends on the details of the heavy-quark 
formulation (NRQCD, HQET, Fermilab) employed, but eventually, with ~ 10 GeV and higher, one 
could use a standard relativistic action. 

2.4.2.4 Conceptual issues 

Besides these practical aspects, there might be conceptual issues regarding the theoretical validity of 
certain steps. In the past, the so-called quenched approximation has been used, where the functional 
determinant is neglected. While fundamentally uncontrolled, it seems to have Uttle impact on the final 
result of a phenomenological study — as long as no flavour singlet quantity is measured, final-state 
interactions are not particularly important and the long-distance physics involved does not exceed 1 fm 
(i.e. for > 200 MeV, which still is the case in present simulations). State-of-the-art calculations use 
the partially quenched framework [363-365], which, despite its name, is not a half-way extrapolation 
from quenched to unquenched. It amounts to having, besides m,^^^ = also data with m^^^ > 
which typically stabihse the extrapolation to nf^^ = m^J^ = rn^^. But even with the determinant 
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included, things remain somewhat controversial. The rooting procedure with staggered quarks (to obtain 
Nf = 2 + 1, the square-root of det{D^^^) and the fourth-root of det{D^J is taken) has been the 
subject of a lively debate. Much theoretical progress on understanding its basis has been achieved — for 
a summary see the plenary talks on this point at the last three lattice conferences [366-369]. 

2.4.3 Prospects of future error bars 

Future progress on the precision of lattice calculations of QCD matrix elements will hopefully come from 
a variety of improvements, including a growth in computer power, the development of better algorithms, 
the construction of better interpolating fields, and the design of better relativistic and heavy quark actions. 
Some of these factors are easier to forecast than others. For instance, the amount of CPU power is a rather 
monotonic function of time (for the lattice community as a whole, not for an individual collaboration). 
By contrast, progress at the algorithmic frontier comes in evolutionary steps - we have just witnessed 
a dramatic improvement of full QCD hybrid Monte Carlo algorithms [370]. The last two points are 
somewhere in between; here, every collaboration has its own preferences, which are largely driven by 
the kind of physics it wants to address. Below, some estimates for future error bars on quantities relevant 
to flavour physics will be given, but it is important to keep in mind two caveats. 

The first caveat is a reminder that the anticipated percentage errors quoted below belong to a 
rather restricted class of observables. In the foreseeable future lattice methods can only be competitive 
for processes where the following conditions hold simultaneously: 

- only one hadron in initial and/or final state, 

- all hadrons stable (none near thresholds), 

- all valence quarks in connected graphs, 

- all momenta significantly below cut-off scale 27r/a. 

This is the case for the quantities discussed below, but it means that quick progress on other interesting 
quantities, such as f^^^iq^), is not likely. 

The second caveat concerns the role of the theoretical uncertainties, as discussed in the previous 
paragraph. For instance, some of the estimates given below assume that certain (finite) renormalisation 
(i.e. matching) factors will be known at the 2-loop level. Such calculations are tedious and rely on 
massive computer algebra (the lattice regularisation reduces the full Lorentz symmetry, resulting in a 
proliferation of terms). Accordingly, future progress of such calculations is difficult to predict. In the 
same spirit one should mention that in the predictions discussed below it is assumed that for = 
250. ..350 MeV one is in a regime where chiral perturbation theory applies and can be used to further 
extrapolate the lattice data to the physical pion mass. In the unlikely event that for some specific process 
this is not the case, the corresponding prediction would undergo substantial revision. 

With these caveats in mind it is interesting to discuss the projected error bars as they are released 
by some lattice groups. For instance MILC has a detailed "road-map" of their expected percentage errors 
(including statistical and theoretical uncertainties) for a number of matrix elements. They are collected 
in the following Table [131 which they kindly provide. By far the most ambitious plans are those of 
HPQCD. They have just released numbers for /d^ and fos/ fo with a claimed accuracy of 1.3% and 
0.8%, respectively [307]. They plan on computing /b^ and /b as well as the B ^ it form factor at 
~ 16 GeV^ to 4%. Finally, they envisage releasing the ratio Jbs/ fs with 2% accuracy and ^ with 3% 
accuracy by the end of 2007. 

In this context it is worth pointing out that progress in other fields, in particular in experiment, 
has the potential to ease the task for the lattice community. For instance, quoting the vector form factor 
for semileptonic B —>■ -kIu decay at = is not the best thing to ask for from the lattice, since a 
long extrapolation is needed (see 12.4.1.21 ). Still, in the past this was common practice, since there was 
very limited experimental information available. In the meantime the situation has changed. Now, rather 
precise information on the shape of this form factor (via binned differential decay rate data dV/dq^) 
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Table 13: Prospects for lattice uncertainties (MILC Collab.). The B — > Triu form factor is taken at q'^ = 16 GeV^. 





Lat'06 


Lat'07 


2-3 yrs. 


5-10 yrs. 




10 


7 


5 


3-4 


fo, fs 


11 


7-8 


5 


4 


/bVBb 


17 


8-13 


4-5 


3-4 






4 


3 


1-2 


iB,D) {K,TT)eiy 


11 


8 


6 


4 


B -> {D,D*)tu 


4 


3 


2 


1 



is available, and only the absolute normalisation is difficult to determine in experiment (see e.g. [371] 
for a detailed analysis). As a result MILC and HPQCD give the future lattice precision attainable at 
= 16 GeV^, i.e. at a momentum transfer which can be reached in the simulation. 
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3 New physics in benchmark channels 
3.1 Radiative penguin decays 

The flavour changing neutral current (FCNC) transitions b —>■ and b d'y aie among the most valu- 
able probes of flavour physics. They place stringent constraints on a variety of New Physics models, 
in particular on those where the flavour-violating transition to a right-handed s- or d-quark is not sup- 
pressed, in contrast to the Standard Model (SM). Assuming the SM to be valid, the combination of these 
two processes offers a competitive way to extract the ratio of CKM matrix elements |14d/Vts|. This deter- 
mination is complementary to the one from B mixing and to the one of the SM unitarity triangle based 
on the tree-level observables |Ktfe/Kfe| and the angle 7. Other interesting observables are the CP and 
isospin asymmetries and photon polarization. Radiative B decays are also characterized by the large im- 
pact of short-distance QCD corrections [372]. Considerable effort has gone into the calculation of these 
corrections, which are now approaching next-to-next-to-leading order (NNLO) accuracy [373-385]. On 
the experimental side, both exclusive and inclusive 6 — > 57 branching ratios are known with good ac- 
curacy, ~ 5% for B — > K*^ and ~ 7% for B Xg^ [386], while the situation is less favourable for 
b ^ d'y transitions: measurements are only available for exclusive channels. Here, we shall discuss first 
the inclusive modes, then the exclusive ones. We shall begin with an overview of the current status of 
the SM calculations and later consider the situation for models of New Physics. 

3.1.1 B — > ^(s,d)7 inclusive (theory) 

The inclusive decay rate of the S-meson {B = B^ or B^) is known to be well approximated by the 
perturbatively calculable partonic decay rate of the 6-quark: 

r (5 ^ x,,),^^^^ = r ^ + o ^. ^) (65) 

with A ^ Aqcd and Eq the photon energy cut in the i?-meson rest frame. The non-perturbative cor- 
rections on the r.h.s. of the above equation were analyzed in Refs. [387-394]. There are also additional 
non-perturbative effects that become important when Eq becomes too large {Eq ~ — A) [395-397] 
or too small {Eq < mb/2) [398,399]. 




Fig. 6: Sample LO diagram for the b sj transition. 



It is convenient to consider the perturbative contribution first. At the leading order (LO), it is 
given by one-loop diagrams like the one in Fig.[6l Dressing this diagram with one or two virtual gluons 
gives examples of the next-to-leading order (NLO) and the NNLO diagrams, respectively. The gluon and 
light-quark bremsstrahlung must be included as well. The current experimental accuracy (see Eq. (|67] )) 
can be matched on the theoretical side only after including the NNLO QCD corrections [373]. 

At each order of the perturbative series in as, large logarithms L = In M^/m^ are resummed by 
employing a low-energy effective theory that arises after decoupling the top quark and the electroweak 
bosons. For example, the LO includes all a"L" terms, the NLO all a"L"^^ terms, etc. Weak interaction 
vertices (operators) in this theory are either of dipole type {sa^'^bF^y and sa^'^T^'bC^^^ ) or contain four 
quarks ([sr6][gr'g]). Coupling constants at these vertices (Wilson coefficients) are first evaluated at the 
electroweak renormalization scale jiQ ^ mt, Mw by solving the so-called matching conditions. Next, 
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they are evolved down to the low-energy scale /x;, ~ rtib according to the effective theory renormalization 
group equations (RGE). The RGE are governed by the operator mixing under renormalization. Finally, 
one computes the matrix elements of the operators, which in the perturbative case amounts to calculating 
on-shell diagrams with single insertions of the effective theory vertices. 

The NNLO matching and mixing are now completely known [374-378]. The same refers to those 
matrix elements that involve the photonic dipole operator alone [379-383]. Matrix elements involving 
other operators are known at the NNLO either in the so-called large-/3o approximation [384] or in the 
formal rric ^ limit [385]. The recently published NNLO estimate [373]: 

B{B ^ Xs-i)E,>i.G Gev = (3.15 ± 0.23) x 10^^ (66) 

is based on this knowledge. The four types of uncertainties: non-perturbative (5%), parametric (3%), 
higher-order (3%) and rric-interpolation ambiguity (3%) have been added in quadrature in (l66l ) to obtain 
the total error. The main uncertainty is due to unknown 0{asA/mb) non-perturbative effects related 
to the matrix elements of four-quark operators (see [389]) for which no estimate exists. Similar effects 
related to dipole operators have been recently estimated in the vacuum insertion approximation [394]. 

As far as inclusive b ^ d'-f decays are concerned, their measurement is quite challenging. More- 
over, due to non-perturbative effects that are suppressed only by AQco/mt, their theoretical accuracy is 
not much better than in the exclusive case. On the other hand, the experimental prospects in the exclusive 
case are brighter. 

3.1.2 B — > Xf^s fi^-y inclusive (experiment) 
3.1.2.1 Present status 

The inclusive b ^ branching fraction has been measured by BaBar, BELLE and CLEO using both 
a sum of exclusive modes and a fully inclusive method [122,435,440,441]. The inclusive measurement 
utilizes the continuum subtraction technique using the off-resonance data sample. In order to suppress 
the continuum contribution the BaBar measurement uses lepton tags. The analyses of BELLE and CLEO 
are untagged and their systematic errors are dominated by continuum subtraction. The accuracy of the 
BaBar measurement is limited by the subtraction of backgrounds from other B decays. The BELLE 
measurement extends the minimum photon energy down to 1.8GeV, which covers 95% of the entire 
photon spectrum. All b —>■ branching fractions measured by BaBar, BELLE and CLEO using both 
exclusive and inclusive methods agree well, giving a new world average of [386] 

B{B ^ Xs^)E,>i.(i GeV = (3.55 ± 0.30) x 10^^ (67) 

This is a bit high compared to the recent NNLO calculation in (1661 ). 

The published measurements are based on only a fraction of the available statistics, but improve- 
ments with the full data set will be limited by systematic errors: from the fragmentation of the hadronic 
Xs in the sum of exclusive modes, and from the subtraction of backgrounds in the fully inclusive method. 
A new method measures the spectrum of photons recoiling against a sample of fully reconstructed decays 
of the other B. This is currently statistics limited, but should eventually have lower systematic errors. A 
final accuracy of 5% on the inclusive 6 — > 57 branching fraction looks achievable. As for the 6 — > ^7 
inclusive branching fraction, the measurement using a sum of exclusive modes is under study and looks 
to be feasible with the full datasets from the B factories. Preliminary results have appeared in [442]. 

We note that the b —>■ spectral shape also provides valuable information on the shape functions 
in B meson decays. This information has been used as an input in the extraction of Vub from inclusive 
b uiv decays [443,444]. 

Measurements of the direct CP asymmetries, published for inclusive 6 ^ S7 by BaBar [445] and 
BELLE [437], show no deviation from zero. All these measurements will be statistics limited at current 
5-factories, and will not reach the sensitivity to probe the SM prediction. 
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3.1.2.2 Future prospects 

One would expect a substantial improvement of the experimental precision for inclusive measurements at 
future S-factories. Studies have been performed for SuperKEKB/Belle with 50 ab~^ data, assuming the 
existing Belle detector [820]. This is probably a reasonable assumption in many cases since the expected 
improvements in the detector, especially in the calorimeter, would be just sufficient to compensate for 
the necessity to cope with the increased background. 

For the measurements that are fully statistics dominated now, it is straightforward to extrapolate 
to a larger integrated luminosity. The error for the direct asymmetry measurement of 6 ^ 57 would be 
±0.009(stat) ± 0.006(syst) for 5 ab"^ or ±0.003(stat) ± 0.002(syst) ± 0.003(model) for 50 ab"\ 
A small systematic error implies that kaon charge asymmetries are well under control. The size of the 
total error is still much larger than the SM estimate, but a few percent deviation from zero due to New 
Physics could be identified. 

One would also expect a better measurement of the branching fraction of B ^ ^s7- Although the 
background level is more and more severe, it would be possible to lower the bound by 0.1 GeV with 
roughly twice more data, and it would be possible to measure the branching fraction for E'^ > 1.5 GeV 
with a few ab^^. Beyond that, one may need to make use of the B-tag events or 7 — > e+e" conversion 
to suppress backgrounds from continuum and neutral hadrons. Another challenging measurement would 
be inclusive 6 — > ^7 to improve our knowledge on | Vt^/Vtsl besides the Am^ measurement, since the 
one from exclusive S — > p7 will hit the theory limit soon. The first signal may be measured with 5 ab~^ 
using the sum-of-exclusive method, with a total error of ^ 25%, of which the systematic error would 
already be dominant. 



3.1.3 Exclusive h — ^ {s,d)^ transitions (theory) 

Whereas the inclusive modes can be essentially computed perturbatively, the treatment of exclusive chan- 
nels is more complicated. QCD factorisation [279, 280, 400-403] has provided a consistent framework 
allowing one to write the relevant hadronic matrix elements as 



{V^\Qi\B) 



rf-^^(O) Tl + C duTl\i, u) cI>b{£.) ct>iv{v) 
Jo 



■e. (68) 



Here e is the photon polarisation four-vector, Qi is one of the operators in the effective Hamiltonian for 
b ^ (s, rf)7 transitions, isa. B ^ V transition form factor, and (pB, 4'2-v leading-twist light- 

cone distribution amplitudes of the B meson and the vector meson V , respectively. These quantities are 
universal non-perturbative objects and describe the long-distance dynamics of the matrix elements, which 
is factorised from the perturbative short-distance interactions included in the hard-scattering kernels T/ 
and Tl^ (see Sec. [2]for a more general discussion). 

Eq. (|68] ) is sufficient to calculate observables that are of 0(1) in the heavy quark expansion, 
like B{B — > K*'y). For B{B —>■ {p,Lo)'y), on the other hand, power-suppressed corrections play an 
important role, for instance weak annihilation, which is mediated by a tree-level diagram. In this case, 
the parametric suppression by one power of 1/ mi, is alleviated by an enhancement factor 27r^ relative 
to the loop-suppressed contributions at leading order in l/mj. Power-suppressed contributions also 
determine the time-dependent CP asymmetry in B V-y, see Refs. [262,404-406], as well as isospin 
asymmetries [407] — all observables with a potentially large contribution from new physics. A more 
detailed analysis of power corrections in — > Vj, including also Bg decays, was given in [267]. 

The non-perturbative quantities entering Eq. (|68] ). i.e. Tf^^ and the light-cone distribution am- 
plitudes, at present are not provided by lattice, although this may change in the future. The most up- 
to-date predictions come from QCD sum rules on the light-cone, which are discussed in section 12.31 In 
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Ref. [263], the following result was obtained for the branching fraction ratio: 



= ^(0.75 ± 0.11(0 ±0.02(UTparam.,O(lM))), (69) 

where ^ = ^^'*(0)/rf ^^(0) = 1.17 ± 0.09 (Sec. |23]l. The error of ^ is dominated by that 
of the tensor decay constants f^^*' which currently are known to about 10% accuracy [263]; a new 
determination on the lattice is under way [408], which will help to reduce the error on ^ to ±0.05. 
Concerning Eq. (|69l ) two remarks are in order. First, the smallness of the 1 / correction are due to 
an accidental CKM suppression. Second, the l/m^ corrections have a dependence on |Vtrf/Vts| as well, 
originating from a discrimination in the u and c-loops. Eq. (|69l ) allows one to determine |T4(i/Vis| from 
experimental data; at the time of writing (February 07), HFAG quotes i?cxp = 0.028 ± 0.005, from 
which one finds \Vtd/Vts\^^Y^ = 0.192 ± 0.014(th) ± 0.016(exp) which agrees very well with the 
results from global fits [8, 120]. The branching ratios themselves carry a larger uncertainty because the 
individual Tf^^ are less accurately known than their ratio. The explicit results can be found in [267]. 
The isospin asymmetry in — > K*^ was first studied in Ref. [407] and found to be very sensitive to 
penguin contributions; it was updated in [267] with the result 

AAK*) = J[ = (5.4 ± 1.4)% ; (70) 

the present (February 07) experimental result from HFAG [386] is (3 ± 4)%. The isospin asymmetry for 
— > /97 depends rather crucially on the angle 7 [267]. The last observable in exclusive B — > I/7 tran- 
sitions to be discussed here is the time-dependent CP asymmetry, which is sensitive to the photon polar- 
isation. Photons produced from the short-distance process b — > (s, d)^ are predominantly left-polarised, 
with the ratio of right to left-polarised photons given by the helicity suppression factor ms^/mi,. For 
B K*'y, where direct CP violation is doubly CKM suppressed, the CP asymmetry is given by 

rfROft) K*^'y) - r(B^(t) K*^'y) 
= r(4)^g-°7) + rU;^A-..;i = Cco.(A,„,t) + 5s,n(A,„.*) , (71) 

with SK*'y = — (2 + 0{as)) sin(2/3)ms/rn,;, + • • • ps —3% being the contribution induced by the elec- 
tromagnetic dipole operator O7. The dots denote additional contributions induced by 6 — > s'yg, which 
are not helicity suppressed, but involve higher (three-particle) Fock states of the B and K* mesons. The 
dominant contributions to the latter, due to c-quark loops, have been calculated in Ref. [262] from QCD 
sum rules on the light-cone in an expansion in inverse powers of the charm mass and updated for all other 
channels in [267]. A calculation of the charm-loop contribution without reference to a l/rric expansion 
is in preparation [409] and shows that there is a large strong phase. The n-quark loop contributions are 
essential for 6 ^ d transitions since they are of the same CKM-order as the c-quark loops: a new method 
for their estimation was devised in [267], building on earlier ideas developed for B — > vrvr [410]. 



Sy-y 


B^p 


B ^LO 


B ^ K* 




Bs^(t> 


in % 


0.2 ± 1.6 


0.1 ±1.7 


-(2.3 ± 1.6) 


0.3 ± 1.3 


-(0.1 ±0.1) 



This class of observables is interesting because any experimental signal much larger than 2% will con- 
stitute an unambiguous signal of New Physics. Scenarios beyond the SM that do modify S must include 
the possibility of a spin-flip on the internal line which removes the helicity suppression of ^r. Ex- 
amples include left-right symmetric models and non-MFV SUSY. To date the experimental result is 

"^HFAG = — (28 ± 
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3.1.4 Exclusive h — y {s,d)-f transitions (experiment) 

3.1.4.1 Present status 

Many exclusive h (s, 1^)7 modes have been studied by BaBar, Belle and CLEO. Results for several 
important channels are collected in the following table [386]: 



decay 




^ ^*o^ 


B+ p+7 


50 ^ p07 




BR/10"6 


40.3 ± 2.6 


40.1 ± 2.0 


0.88l°:| 


0.93l°i^ 





The results on the B p7, B u)j branching fractions are still statistics limited, but by the end of the 
B factories it is likely that the theoretical uncertainties will be the most significant factor. 

Direct CP asymmetries have been published for B K*"f and B K^(j)j decays [436,446, 
447]. The time-dependent CP asymmetry has been measured [438,439,448] using the technique of 
projecting the Ks vertex back to the beam axis for a large sample of i? — > K*'^j —>■ Kgjr'^j and 
B KgTT^j decays in the high A'vr-mass range. In the near future, similar measurements using other 
exclusive radiative decay modes such as B^ K^cf)^, for which cf) — > K^K~ provides the i3-decay 
vertex measurement, could provide similar constraints. 

3.1.4.2 Future prospects 

A systematic study of CP violation in radiative penguin B decays will be performed at LHCb using a 
dedicated high-p^^ photon trigger [449]. Due to small branching ratios of order 10~^ - 10~^ their recon- 
struction requires a drastic suppression of backgrounds from various sources, in particular combinatorial 
background from 66 events, containing primary and secondary vertices and characterized by high charged 
and neutral multiplicities. 

The background suppression exploits the generic properties of beauty production in pp collisions. 
The large mass of beauty hadrons results in hard transverse momentum spectra of secondary particles. 
The large lifetime, {(Sjct) ~ 5 mm, results in a good isolation of the B decay vertex and in the incon- 
sistency of tracks of -B-decay products with the reconstructed pp-collision vertex. 

The selection procedure was optimized on the example of B^ — > K*^^ — > K'^ir^'y decay [450], 
which LHCb considers as a control channel for the study of systematic errors common for radiative 
penguin decays. The selection cuts, based on using the two-body kinematics and various geometrical 
cuts on the primary and secondary vertices, were applied to 34 million fully simulated 66 events. The 
invariant mass distribution for the selected events, shown in Fig.|71 corresponds to a data sample collected 
in 13 min of LHCb running at nominal luminosity of 2 x lO^^cm^^s^^. LHCb expects the yield for 
B^ K*^^ decays to be 36k signal events per lfb~^ of accumulated data with background to signal 
ratio 0.78±0.11. For Bs — > (f)^ decays, the corresponding yield is estimated to be 6k with the background 
to signal ratio less than 0.95 at 95% CL. The measurement of B^ —>■ K*^^ decay looks also feasible at 
ATLAS [451]. 

Similar to B^ — > K^ir^^ decays the time-dependent CP-asymmmetry sensitive to the photon po- 
larisation can also be measured in Bg —>■ (/>7 decays provided that the proper time resolution is sufficient 
to resolve Bg-Bg oscillations. The proper time resolution depends on the kinematics and topology of 
particular Bg candidates, mainly on the opening angle between kaons from cf) decays. The sensitivity of 
this measurement is presently under study at LHCb. 

For the future i?-factory, scaling the error of the measured time-dependent CP violation asymmetry 
for the B^ KgTT^^ channel, one would expect a statistical accuracy of about 0.1 at 5 ab~^, or 0.03 at 
50 ab"^. 

LHCb also studied the possibility to measure the photon polarisation in the radiative decays of 
polarized beauty baryons, like At — > A7, using the angular asymmetry between the A;, spin and the 
photon momentum combined with the A*^ — > pir decay polarisation [452,453]. 
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Fig. 7: The invariant mass distribution for selected K*'^^ candidates from a hB inclusive sample. The 

points indicate true B^ K*^^ events and the filled histogramm represents combinatorial background. 



3.1.5 New Physics calculations and tools 

New Physics affects the matching conditions for the Wilson coefficients of the operators in the low- 
energy effective theory and may even induce sizable coefficients for operators that have negligible or 
vanishing coefficients in the SM. The theoretical accuracy of the predictions for radiative B decays in 
extensions of the SM is far from the accuracy achieved in the SM. Complete NLO matching conditions 
are available for the MSSM with Minimal Flavour Violation (MFV) and/or large tan /?, as well as for 
a class of non-supersymmetric models [422] that includes Multi-Higgs-Doublet-Models and Left-Right 
symmetric (LR) models. The unknown NNLO contributions to the matching conditions beyond the SM 
are unlikely to be numerically relevant at present. 

3.1.5.1 Summary of New Physics calculations 

Here is a brief summary of recent calculations and analyses in the most popular New Physics scenarios. 

• 2HDMs have been studied in full generahty at NLO [83,411,412]. In the type-II 2HDM B{B 
Xsj) places a strong bound on the mass of the charged Higgs boson, Mjj+ > 295 GeV at 95% CL, 
independently of the other 2HDM parameters [373]. This is much stronger than other available 
direct and indirect constraints on Mf^+ . 

• MSSM The complete LO contributions in the MSSM have been known since the early nineties 
[413-420] but the NLO analysis is still incomplete to date. New sources of flavour violation 
generally arise in the MSSM, making a complete analysis quite complicated even at the LO [421]. 
While B — > Xg'y does place important constraints on the MSSM parameter space, they depend 
sensitively on the exact SUSY scenario and are hard to summarize because of the large number of 
parameters. 

- MFV In the MFV scenario the NLO QCD calculation of B ^ Xg^ is now complete: the 
two-loop diagrams involving gluons were computed in ref. [84,422], and the two-loop di- 
agrams involving gluinos were more recently computed in ref. [423,424]. Since weak in- 
teractions affect the squark and quark mass matrices in a different way, their simultaneous 
diagonalization is not RG-invariant and MFV can be imposed only at a certain renormaliza- 
tion scale. The results of [423,424] therefore depend explicitly on the MFV scale, which is 
determined by the mechanism of SUSY breaking. 
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- Large tan (3. In the limit of heavy superpartners, the Higgs sector of the MSSM is modified 
by non-decouphng effects and can differ substantially from the type-II 2HDM. Large higher 
order contributions to ^ ^ Xsj in that limit originate from terms enhanced by tan /? factors, 
and can be taken into account to all orders in an effective lagrangian approach [10,23,24,29, 
425]. In fact, large tan /3 and logs of Mgusy/My/ have been identified in [23] as dominant 
NLO QCD contributions in MFV with heavy squarks. Ref. [33] recently studied the tan (3- 
enhanced effects when MFV is valid at the GUT scale and additional flavour violation in the 
squark sector is generated by the RGB of the soft SUSY-breaking parameters down to the 
weak scale. 

- Beyond MFV. In the more general case of arbitrary flavour structure in the squark sector, 
experimental constraints on 6 — > s transitions have been recently studied at LO [107, 108] 
and including tan /3-enhanced NLO effects [111-114]: radiative decays play a central role in 
these analyses, and the constraints are quite strong for some of the flavour-violating parame- 
ters. 

• Large extra dimensions. In these models the contribution to B ^ Xgj from the Kaluza-Klein 
excitations of the SM particles can induce bounds on the size of the additional dimension(s). This 
has been studied in ref. [17,426] for the case of flat extra dimensions and in ref. [427-429] for the 
case of warped extra dimensions. 

• Little Higgs. In these models the Higgs boson is regarded as the pseudo-Goldstone boson of a 
global symmetry that is broken spontaneously at a scale much larger than the weak scale. The 
most extensively studied version of the model, the Littlest Higgs, predicts the existence of heavy 
vector bosons, scalars and quarks. The contribution to S — > Xsj from these new particles has been 
studied in ref. [142, 146] for the original Littlest Higgs model, and in ref. [159] for the model in 
which an additional T-parity and additional particles are introduced to preserve the SU(2) custodial 
symmetry. 

• LR models. The contributions of Left-Right symmetric models to B are known at the 
NLO [422], but no recent phenomenological analysis is available. 

An alternative to the analysis of B Xg^ in different models consists in consti^aining the Wilson 
coefficients of the effective theory. This model independent approach has been applied combining 
various B decay modes and neglecting operators that do not contribute in the SM [430,431]. While 
B{B — > Xgj) fixes only |C7(m;,)|, the sign can be learned from B —^ Xgi^i' [188]. 

3.1.5.2 MSSM tools for B Xg-y 

Several public codes (see also Sec. 11.51) that determine the MSSM mass spectrum and other SUSY ob- 
servables contain MSSM calculations of B{B Xgj) in various approximations. InmicrOMEGAs [432] 
the SM part of the calculation is performed at NLO, while the MSSM contributions are implemented fol- 
lowing [23]. The calculation in SuSpect [433] includes also the NLO gluon corrections to the chargino 
contributions from [84] in the case of light squarks. In contrast, SPheno [207] and FeynHiggs [204,434] 
include the SUSY contributions only at LO, but they allow for a general flavour structure in the squark 
sector. A computer code for the NLO QCD calculation of B{B Xsj) in the MSSM with MFV 
[423,424] has recently been pubhshed [191]. 
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3.2 Electroweak penguin decays 
3.2.1 Introduction 

In the SM, the electroweak penguin decays b s{d)i~^£~ are only induced at the one-loop level, leading 
to small branching fractions and thus a rather high sensitivity to contributions from new physics beyond 
the SM. On the partonic level, the main contribution to the decay rates comes from the semi-leptonic 
operators Og, Oio and from the electromagnetic dipole operator in the effective Hamiltonian for 
|Ai?| = |AS'(D)| = 1 transitions [213]. Radiative corrections induce additional sensitivity to the 
current-current and strong penguin operators Oi_6 and Of. Part of these effects are process-independent 
and can be absorbed into effective Wilson coefficients. In certain regions of phase-space and for par- 
ticular exclusive and inclusive observables, hadronic uncertainties are under reasonable control and the 
corresponding short-distance Wilson coefficients in and beyond the SM can be tested with sufficient 
accuracy. 

Because of their small branching fractions these decays are experimentally challenging. Their 
detection requires excellent triggering and identification of leptons, with low misidentification rates for 
hadrons. Combinatorial backgrounds from semileptonic B and D decays must be managed, and back- 
grounds from long-distance contributions, such as B ^ J/'il)Xs, must be carefully vetoed. Once iden- 
tified, their interpretation (particularly the angular distributions) requires disentangUng the contributing 
hadronic final states. Most of these experimental problems can be managed by confining studies to the 
simplest exclusive decay modes. Leptonic states are restricted to e+e~ and and hadronic states 

are the simplest one- or two-particle varieties, typically K, K*, (p, or A. More inclusive studies are 
significantly less sensitive but have the advantage of a simpler theoretical interpretation. Fortunately, 
measuring fully reconstructed decays to final states with leptons (especially muons) is a strength of all 
future proposed B physics experiments, hence all are capable of contributing to this topic in the LHC 
era. 



3.2.2 Theory of electroweak penguin decays 
3.2.2.1 Inclusive decays 

The heavy quark expansion and the operator product expansion in the theory of inclusive B Xst^l~ 
decays allow to calculate radiative QCD and QED corrections to the partonic decay rate and to pa- 
rametrize and estimate power corrections to the hadronic matrix elements in a systematic way. The 
calculation of NNLO QCD corrections has (essentially) been completed recently [374, 376,454^59]. 
These reduce the perturbative uncertainties below 10%. Also subleading AQ^jj/m^ and Aq^-jj^/m^, 
^qcd/"^? corrections [387,389,460-463] as well as finite bremsstrahlung effects [464,465] are available 
in the literature. 

At this level of accuracy, QED effects become important, too. For instance, the scale ambiguity 
from aem(A*) between /x = My/ and 12 = rrib alone results in an uncertainty of about ±4%. QED 
corrections to the Wilson coefficients have been calculated in Ref. [459], and the results for the two-loop 
anomalous dimension matrices have been confirmed in [466]. QED bremsstrahlung contributions where 
the photon is colhnear with one of the outgoing leptons are enhanced by ln(m^/m|). They disappear 
after integration over the whole available phase space but survive and remain numerically important 
when is restricted to either low or high values. 

A numerical analysis [466], done under the assumption of perfect separation of electrons and 
energetic coUinear photons, results in the following branching ratios integrated in the range 1 GeV^ < 
m% < 6 GeV^: 

B{B ^ X,n+n-) = [1.59 ± O.OSscaie ± 0.06^, ± 0.024c,^, ± 0.015^, ± 0.02„^(m^) 



±0.015cKM ± 0.026BR, 



X IQ-^ = (1.59 ± 0.11) X 10"^ , (72) 
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B{B^X,e+e-) = 1.64 ± COS^caie ± 0.06^, ± 0.025c,mc ± 0.015^, ± 0.02„^(M2 



±0.015cKM ± 0.026BR, 



X 10-^ = (1.64 ± 0.11) X 10-^ , (73) 



where the error includes the parametric and perturbative uncertainties only. For central values and error 
bars of the input parameters see Table 1 of Ref. [466]. The electron and muon channels receive different 
contributions because of the In (m^/m|) present in the bremsstrahlung corrections. The difference gets 
reduced when the BaBar and Belle angular cuts are included. One should also keep in mind that the 
contributions of the intermediate tp and ^' are assumed to be subtracted on the experimental side. A 
numerical formula that gives the branching ratio for non-SM values of the relevant Wilson coefficients is 
given in Eqs. (12) and (13) of Ref. [466]. 

The differential branching ratio (BR) is sensitive to the interference of the Wilson coefficients Cj 
and Cg. The forward-backward asymmetry (FBA) for the charged leptons is sensitive to the products 
C7 Cio and Cg Ciq. For instance, reversing the sign of C7 makes the zero of the FBA disappear [430] 
and leads to an enhancement of the low-g^ integrated BR: 

B{B Xs/x+/x-) = 3.11 • 10-^ , B{B Xse+e') = 3.19 • 10"^ . (74) 

(A similar value for that case has been found in [188].) 

3.2.2.2 Exclusive decays 

We focus on the theoretical description of B ^ K*t^i~ decay as one of the phenomenologically most 
important examples. The double-differential spectrum may be parametrized as [467] 

, f/ . =?[(! + cos' Oi) Hriq^) + 2 cos 0^ HA{q^) + 2 (1 - cos' 9^) HL{q^)] . (75) 
aq^ a cos Q 

Here, for B^ or B~ decays, 9^ is the angle between the and the _B-meson 3-momentum in the 
c.m.s.' and = mj^ is the invariant mass of the lepton pair. Alternatively, the functions Hx{q^) can be 
expressed in terms of transversity amphtudes [468] 

HT{q^) = |Ax,L|' + |^±,i?|' + |^||,L|' + |^||,i?|', (76) 
HL{q^) = |^o,l|' + |^o,r|', (77) 
HA{q^) = 2 Re [^11,^.41^^-^11,^^11, J . (78) 

If the invariant mass of the lepton pair is sufficiently below the charm threshold at q^ = Ami 
and above the real-photon pole at q^ = 0, the transversity amplitudes can be estimated within the QCD 
factorization approach [280, 469, 470] 



/ q^ 

A±,L/R ^ -Hl/r ^ V2 iV 1 - -2- 

Nm%, q^ 



C^{q^)^C^o C±{q'), (79) 



2\ 



C^(g2)TCio Q\\{q') (80) 



2\ 



where the normahzation factor N is defined in Eq. (3.7) in [468]. The functions C^io(<?') can be calcu- 
lated perturbatively in the heavy-quark limit, requiring < Km.}, <C 4m^ [280,469]. Large logarithms 

can be resummed using renormalization-group techniques in soft-collinear effective theory [470]. The 
form factors C±,||(9') have to be estimated from experimental data or theoretical models.^ 1/mb power 
corrections may be sizeable and currently constitute a major source of theoretical uncertainty. 



'Different sign conventions are used in the literature. 

*The conventions to define the form factors C±,|| in [470] are different from those of Ref. [469]. Therefore the exphcit 
expressions for C^'" also differ. 
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Similarly, in the region far above the charm resonances, the helicity amplitudes can be treated 
within heavy-quark effective theory, based on an expansion in A/m^, and 4m^/g^ [471]. To first approx- 
imation one finds 
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(81) 
(82) 
.(83) 



Here f {q^) , g{q^) , a+il'^) the leading HQET form factors [471]. The effective "Wilson coefficients" 
Cg^ are functions of the lepton invariant mass q^, and combine short-distance dynamics encoded in 
Wilson coefficients and (non-trivial) long-distance dynamics at the scale m;,. In the naive factorization 
approximation, they are related to C^'"(g^) via 



C^{^^)+Y{q\^Ji) + 
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(84) 
(85) 



(In the following, we will also use the notation C9^io(/U = mf,) = Ag lo and C|^(// 



It is to be stressed that the theoretical systematics in the kinematic regions q^ <^ Am^ and q^ S> 
is quite different, due to the different short-distance effects to be accounted for in the calculation 
of C(j"'"(g^) or Cj%, the independent hadronic form factors in SCET/HQET, and the different nature of 
(non-factorizable) power corrections. 

Experimentally, the dilepton invariant mass spectrum and the forward-backward (FB) asymmetry 
are the observables of principal interest. Their theoretical expressions can be easily derived from Eq. (T/Sl ). 
In particular, the forward-backward asymmetry vanishes at q^, if Re [Cg- (gg)] = , which turns out to be 
very sensitive to the size and relative sign of the electroweak Wilson coefficients C7 and Cg [472,473]. 
The theoretical predictions depend on the strategy to fix the hadronic input parameters, and on the scheme 
to organize the perturbative expansion in QCD. The authors of [280,469] fix the hadronic form factors 
from QCD sum rules [474] and calculate the short-distance coefficients in fixed-order perturbation theory. 
For the partially integrated branching fraction they find 



6 GeV^ 



2 dBr[^+ ^ K*^l+l-] _ / C||(4 GeV^ 
^ Ikp ~ I 0.66 
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+0.40 
0.31^ 
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(86) 



1 GeV^ 



where the leading dependence on one of the B K* form factors has been made explicit. For neutral 
B mesons the result is about 10% smaller. The forward-backward asymmetry zero in this scheme comes 
out to be 

ql[K*^] = 4.36l°J? GeV^ , ql[K*+] = A.lhtofi GeV^ , (87) 

with an additional uncertainty from power corrections estimated to be of the order of 10%. 

The authors of [470] fix the form factor C,±_ (0) by comparing the experimental results on 5 ^ K*7 
with the theoretical predictions at NLO at leading power and assuming a simple energy dependence of 
the form factor. Furthermore, the leading perturbative logarithms in SCET are resummed. They get a 
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somewhat smaller value for the partially integrated branching fraction^ 



TGeV^ 

/ 2 d-Bf (^^3 ^ ^ ^ , H~0 57 1 ~hO 30 1 ~f-0 18\ — T oo 

dq ^ = (2.92_Q;5o|q| _o:28Ickm _o:2o) 10 ' 

1 GeV^ 

which is mainly due to a smaller default value for the B K* form factor taken from [231]. The 
forward-backward asymmetry zero now reads 

q^o = (4.07l°i^) GeV2 , (89) 



where the smaller parametric uncertainties compared to (1871) are traced back to the renormalization- 
group improvement of the perturbative series and the different strategy to fix C±(9^)- Isospin-breaking 
effects between charged and neutral B decays, and potentially large hadronic uncertainties from power 
corrections have not been specified in [470]. 

As has been pointed out in [475], the K* meson is always observed through the resonant B — > 
{KTT)£^i^ decay. Depending on the considered phase-space region in the Dalitz plot, this may induce 
further corrections to the position of the asymmetry zero. On the other hand, it allows for an analysis of 
angular distributions. Following Ref. [468], one can consider the polarization fractions 

HUq') + HT{q^)' ^''^'^> H^q^) + Hriq^) ^^"^ 

and the A'* -polarization parameter aK-'iq'^) = "^Fl/Ft — 1. Like the FBA, these observables have 
smaller hadronic uncertainties (for small values of g^), as the hadronic form-factors cancel in the ratios 
to first approximation [468]. Introducing the angle 9k of the K meson relative to the B-momentum in 
the K* rest frame, the triple differential decay rate reads 



Fl cos^ Ok sin^ 01, + — {1- Fl) sin^ Or (1 + cos^ 0^ 



dq^ d cos 9i d cos Ok \^ 32 j dq^ 

+ - sm2 Ok cos Oi - . (91) 



4 \ dq'^ dq^ / 

Finally, the remaining angle, 0, between the decay planes of the lepton pair and K* meson defines the 
distribution [468] 

Wdi = ^(l + 5(l-n)4^'cos20 + A.„sin2*)^, (92) 

where the asymmetry {q^) is sensitive to new physics from right-handed currents, and the amplitude 
j4iin is sensitive to complex phases in the hadronic matrix elements. In the SM, the asymmetry Aj,' and 
the ampUtude Ai^ are negligble at low q^, so the measurement of either is a precision null test. 

The differential decay rate for B Ki+l~ can be found in [469]. Within the SM the FB 
asymmetry in S — > Kl'^i" is highly suppressed. At hadron colliders, also the decay modes Bg — > 
(t)l+l- and Bs r]^'k+e- can be studied. Their theoretical description is analogous to the B —>■ 
K* {K) case, but accurate numerical studies require better knowledge of the hadronic parameters entering 
the Bg, and cl){r], ?7')-meson wave functions. 

Baryonic decay channels. A;, —>■ A'^£~^i~, are theoretically less well understood. So far, they have 
only been discussed within the (naive) factorization approximation, based on symmetry relations and 
model estimates for the A" form-factors (see e.g. [476-478]). Besides the q"^ spectrum and the 

FBA, the baryonic b —>■ si^£^ decays offer the possibility to study various asymmetry parameters and 
A*^ polarization effects, which exhibit a particular dependence on NP effects [479-485]. Also a possible 
initial Af, polarisation can be accounted for [486]. 



'Notice that the upper hmit of integration in ( 188b is slightly larger than those in ( 
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3.2.2.3 Charmonium resonances in h sU 

The calculation of inclusive and exclusive observables in 6 — > si'^l^ decays is complicated by the 
presence of long-distance contributions related to intermediate cc pairs from the 4-quark operators in the 
effective Hamiltonian. The effect depends on the invariant mass of the lepton pair. 

For the inclusive rate, the charm quarks can be integrated out perturbatively within an OPE based 
on an expansion in and (1/mc, l/mi,) (with the ratio mc/mh kept fixed). Below the charm threshold 
<^ Ami, the expansion in l/m^ still converges, and the inclusive decay spectrum can be described 
in terms of a local OPE [389, 392, 393, 460, 487, 488]. Similarly, for exclusive decays it is possible to 
integrate out the intermediate charm loops perturbatively, leading to non-local operators whose matrix 
elements can be further investigated using QCDF, SCET or (light-cone) sum rules, see the discussion in 
Sec. Eland [262,391] (for the case = 0). 

Approaching the charm threshold at q^ ^ 4m^, the heavy-quai^k expansion breaks down, both in 
inclusive and exclusive decays. A pragmatic solution is to ignore the cc resonance region completely 
by introducing "appropriate" experimental cuts on q^. Alternatively, one may attempt to model a few 
resonances explicitly (in practice the J /ijj and the V'(25)), see e.g. [473] and references therein. However, 
this method bears the danger of double-counting when combined with the OPE result, which can be 
avoided by using dispersion relations for the electromagnetic vacuum polarization [489]. Still, non- 
factorizable soft interactions between the resonating charmonium system and the B ^ Xg transition 
cannot be accounted for in a systematic way at present. 

For values of q'^ above the charm threshold, the invariant mass of the hadronic final state is small, 
and the decay rate is dominated by a few exclusive states. To trust the OPE result for the inclusive 
spectrum, one has to smear the experimental spectrum over a "sufficiently" large range and rely on 
the (semi-local) duality approximation. For the description of the exclusive channels in that region, one 
has to rely on an expansion in terms of Am1/q^ within HQET [471]. In summary, to avoid contamination 
from charmonium or light vector resonances, one should consider the range 1 GeV^ < g2 < 6 GeV^. 

Finally, one has to mention that light-quark loops need a similar investigation in order to assess 
the role of light vector resonances at small values of q^. We also should stress that while analyzing 
the cc background in inclusive B Xsl^l~ transitions, special care should be taken of the chain of 

B — > J /il)Xs, J /iIj — > l^l^X decays, mimicking b sl^l" with q"^ < rn?j^^- 

3.2.3 Experimental studies of electroweak penguin decays 

3.2.3.1 Measurements (prospects) at (Super-)B factories 

The i?-factory experiments BaBar and Belle have succeeded in measuring the b s£~^£~ process in 
B decays, both exclusively [490^92] and inclusively [124, 125]. Measured observables include: total 
branching fractions; direct CP asymmetries; partial branching fractions vs. the dilepton and the 
hadronic Xg mass; and, for B —>■ K*£^£^, the dilepton angular asymmetry Aps vs. the dilepton 
q^, the K* longitudinal polarization vs. the dilepton g^, and fits of the (fV / d cos 6 dq'^ distribution to 
extract experimentally Ag/Ay and Aiq/A^. Upon accumulation of more data in current B factories or 
the proposed super B factories, it should be possible to extract most of the observables described in 
Section [3.2.21 in increasingly finer binning and precision. The expected experimental sensitivity of 50 
ab^^ oi B ^ K*£^£^ data at a super B factory is comparable to 3.3 fb^^ of B^ K*^ data at 
LHCb, as described below. 

The optimal measurement technique is to completely reconstruct the signal B decay: selection of 
events with an electron or muon pair, selection of all hadrons of the appropriate Xs system {K or K* 
mesons for the exclusive case, and a K plus 1, 2, 3 or 4 pions for the inclusive case), and then application 
of the standard kinematic requirements in mass and energy for the resulting B candidate. Partial or full 
reconstruction requirements for the recoil B are in general suboptimal. Triggering signal events is fully 
efficient and particle identification is both efficient (typically 80-90% per particle) and pure (negligible 
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Table 14: Branching fraction measurements at B factories for h s£^£^ decays, including integrated luminosity, 
signal yield, detection efficiency, and the measured branching fraction over the full range. The HFAG averages 
are also included. 

fake rates for electrons, percent level fake rates for muons and kaons) down to low particle lab momenta 
( 0.3 GeV/c for electrons and 0.7 GeV/c for muons). Charmonium background can be efficiently vetoed 
by the lepton-pair mass and does not significantly contaminate the regions dominated by the short- 
distance physics of interest. The remaining combinatorial background, mostly from semileptonic B and 
D decays, is significant, but it can be reliably separated from signal by extrapolation from distributions 
in kinematic sidebands, typically via an unbinned maximum likelihood fit. Branching fraction results are 
shown in Table [14] The effective signal to background ratio for these results varies from 1 :2 (inclusive) 
up to 2:1 (Belle K*U). Comparable sensitivity is attained for both electron and muon decay channels. 

Assuming HFAG branching fractions, and the efficiencies and backgrounds observed in the Belle 
results, the expected signal yields (and their statistical precision) per 1 ab~^ are 229 ± 16 (7%), 215 ± 16 
(7%), and 486 ± 24 (5%), for KU, K*U, and XgU, respectively. The experimental uncertainty for total 
branching fractions should therefore be less than or comparable to current Standard Model theoretical 
uncertainties, using i?-factory data alone. Direct CP violation will be bounded at the level of 5-7% 
with 1 ab"^, and thus a Super B factory would obtain a high precision test (~ 1%) of the null result 
expected in the Standard Model. Similar precision is expected for measuring differences in branching 
fractions between electron and muon channels, which is also an interesting null test of the Standard 
Model [431,494]. A possible complicating factor for the inclusive XgU (partial) branching fractions is 
the necessity of an aggressive requirement on the mass Mx^ to be less than 1.8 GeV/c^. Such a tight 
cut may introduce significant shape function effects into the interpretation of the results, in the same 
manner as a photon energy cut does for B Xg^ [495,496]. A looser Mx^ requirement will have 
poorer precision, and thus Super B factory samples may be required to compare with the most precise 
predictions. 

The B factories have also succeeded in accumulating large enough B K*U samples to perform 
angular analyses as a function of dilepton mass. The angles analyzed thus far include the angle, 9^, 
between the positive (negative) lepton and the B (B) momentum in the dilepton rest frame, and the angle, 
9k, of the K meson relative to the B momentum in the K* rest frame. The integrated longitudinal K* 
polarization Fl and the forward-backward asymmetry ApB related to the decay products' angular 
distribution via Eq. (|9TI ). which upon integration of one of the angular variables reduces to 

I ^ cos^ ± ^ (1 - Fl) sin^ } ^ , (93) 

I I sin^ 9e + ^{l- Fl) (1 ± cos^ 9e) + Afb cos } ^ • (94) 
From the singly- or doubly-differential angular distributions (in a given g^-bin) it is then possible to infer 
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Table 15: Expected statistical precision of a Super B factory, in percent, for the angular observables Aps and Fl 
versus the integrated luminosity, integrated over various ranges of q^. 



Apsiq'^) and FL{q^) simultaneously. There is also the remaining angle, between the decay planes of 
the lepton pair and K* meson, which has yet to be analyzed, see Eq. ( |92l ). 

BaBar has measured ApB and Fp, in two bins of q^ (above and below 8.4 GeV/c^), via unbinned 
maximum likelihood fits to the singly-differential distributions of cos Of, and cos 9k, which take into ac- 
count signal efficiency as a function of angle as well as background angular distributions (which are in 
general non-uniform and forward-backward asymmetric) [492]. Table [T5] shows the expected precision 
for these observables extrapolated to Super B luminosities, assuming HFAG branching fractions and 
Standard Model predictions for dV /dq^. The ultimate 50 ab^^ precision of the ApB of B ^ K*££, 
integrated over the theoretically preferred range of 1-6 GeV^/c^, is 2.6%. If this region is extended more 
aggressively to the original BaBar choice of 0.1-8.4 GeV^/c^, the signal statistics are doubled, and the 
precision improves to 1.8%. Similar precision is expected for Fi. Measuring integrated angular observ- 
ables of these types has the advantages of model independence in their interpretation; the underlying 
relation between these measurements, the Wilson coefficients, and the form factors can change without 
necessitating revision of the measurement. The averaging of multiple experimental results is also very 
straightforward. 

Alternatively, Belle has analyzed the doubly-differential distribution d^T /d cos 9 ^dq^ and then 
performed a maximum likelihood fit to extract the Wilson coefficient ratios ^9/^47 and Aiq/Aj from the 
data [491]. Using the theoretical approximation in Ref. [430], and assuming the form factor model of 
Ref. [473], they find 

A^/Aj ~ -15.3t3;4±i.i 

^loMr - 10.3+|2±i.8, (95) 

where the Ai are the leading order Wilson coefficients. This is in agreement with the LO Standard 
Model predictions of -12.3 and 12.8, respectively. The dominant systematic uncertainty is from theo- 
retical model dependence, particularly the form factor model and parametric uncertainty from mj,. This 
method has been studied for Super i?-factory luminosities, as discussed in Ref. [497]. Figure [8] shows 
a projection of dAps/dq^ from a likelihood fit to the Wilson coefficients, for a simulated sample of 5 
ab~^, compared to ApB integrated over various bins in measured from the same sample. Employing 
the entire range of q^, the expected statistical precision is shown in Table [T6l With 5-10 ab^^, the ex- 
pected statistical uncertainty will be less than the current systematic uncertainty. The expected ultimate 
statistical sensitivity for 50 ab~^ is about 4% for each coefficient. These fits extract essentially the same 
information as that obtained from measuring the zero q^ of dA pb/ dq^ (a theoretically clean estimator 
of Ag/Aj), except that the distribution is analyzed globally and not just in the vicinity of q^; equivalent 
uncertainties for q^ are identical to those of Ag. In order to control theoretical uncertainties, it may be 
necessary to restrict the fit to 1-6 GeV^/c^. For that measurement the price in experimental statistics is 
roughly a factor of 0.6, with an even larger sacrifice in sensitivity for ^10, which is most relevant at high 
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Fig. 8: Expected measurement of dApB/dq^ for B K*i^l (points) with 5 ab ^ of data from a Super B 
factory; the best fit of that data for Wilson coefficients and Aiq is superimposed (sohd fine) [497]. 

/ C (ab-^) 1 5 10 50 
^9 25 11 7.8 3.5 

Aw 29 13 9.2 4.1 

Table 16: Expected statistical precision for a Super B factory, in percent, for Wilson coefficients Ag and Aio 
versus the integrated luminosity, integrated over the entire range of q^. 

With more data, it could also be possible to bound other Wilson coefficients which are negligible 
in the Standard Model, such as those corresponding to scalar operator products or products with flipped 
chirality. Fitting triply- or quadruply-differential distributions with the additional decay angles cos 9k 
and (j), as is currently done for large samples of i? — > VV decays, will also be possible. 

Measuring the angular distribution of inclusive B — > Xsii decays has not yet been attempted, 
however with thousands of events expected at a Super B factory there will be sufficient statistics for 
a precise measurement of ApB [498]. This is an attractive measurement, as observables such as Qq 
are predicted more precisely than for the exclusive case (~ 5%). Scaling from the expected yield per 
ab~^ of 486 ± 24, and assuming the same sensitivity to Ag/Aj per event as for the B — > K*££ Wilson 
coefficient fits, a 5% statistical precision for Ag/Aj (and hence ^q) could be achieved with roughly 10 
ab^^, although again a critical issue for the precision is how wide a range of is appropriate for such fits. 
Understanding systematic uncertainties from a sum-of-exclusive-modes analysis will be challenging, in 
particular the effect of imprecise Xg fragmentation modeling on the multiply-differential efficiency. 

3.2.3.2 Bd K*^fi+fi- at LHCb 

The exclusive B^ — > K*^fi^fi^ decay can be triggered and reconstructed in LHCb with high efficiency 
due to the clear di-muon signature and K/tt separation provided by the RICH detector [499]. 

The selection criteria including the trigger have an efficiency of 1.1% for signal. The trigger 
accepts 89% of the Monte Carlo signal events, which are reconstructed offline. In 2 fb^^ of integrated 
luminosity this selection gives an estimated signal of 7200 events with a total background of 3500 events 
in a ib50MeV/c^ mass window around the B mass and iblOOMeV/c^ window around the K*^ mass. 
The branching ratio for Bd — > K*^ij,^fi~ was assumed to be 1.22 x 10^^. The irreducible non-resonant 
Bd K^-K^ fi^ fi'^ background was estimated at 1730 events; the branching ratio used for this was 
set using a 90% upper limit estimate found from the sidebands of the K*^ mass in [492]. Other large 
components of the background are 1690 from events with two semileptonic B decays, 640 of which 
are from semileptonic decays of both the b and the c quarks within the same decay chain. Exclusive 
backgrounds from other b sfi^fi^ decays were considered and contribute at a very low level of 20 
events. 



The selection efficiency as a function of is flat in the region 4m^ to 9 GeV^/ due to the high 
boost of the B^^. For high q^ values the selection efficiency as a function of 9i is flat while for low the 
efficiency is highest around 9i = it/2 [500]. 

In addition to the well-known forward-backward asymmetry, ApB, LHCb will be able to extract 
information about the differential decay rate dT/ds and the transversity amplitudes Aq, ^y, and A± 

through the asymmetry and the K*'^ longitudinal polarisation Fl, see Eqs ( |9T] ) and ( |92l ). 

For measuring the zero point in ^i^B, a linear fit is performed to the measured in the region 
2 — 6GeV^/c^ as illustrated in Fig. |9] For the resolution in the zero point of ApB [500] we estimate 
0.50(0.27) GeV^/c^ with 2(10) fb^^ of integrated luminosity. If the background is ignored the resolution 
is 0.43(0.25) GeV^/c^. 



Mean = 4.01 GeV^ 




MS, (GeV) m;, (GeV^) 



Fig. 9: The forward-backward asymmetry in Bd K*'^ ji^ ^i'' with 2 fb^^ of integrated luminosity at LHCb. To 
the left the forward-backward asymmetry as a function of in a single toy Monte Carlo experiment and to the 
right the fitted zero point location for an ensemble of Monte Carlo experiments. The peaks at 2 and 9 correspond 
to fits where the zero point was outside this region. 

The statistical errors iov ApB, Aj, and Fl have been estimated by performing simultaneous fits to 
the 9i, Ok and projections of the full angular distribution in 3 bins of q^ below the ifj resonances [501]. 
In the theoretically favoured region of 1 < < 6GeV^/c^ the resolution in is 0.42(0.16) with 
2(10) fb~^ of integrated luminosity. See Table [TT] for estimated statistical errors on all the parameters. In 

(2) 

particular the resolution on Aj, would improve if the theoretically comfortable region could be expanded 
upwards from 6 GeV^/c^. 
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Table 17: The expected resolution for measurements of the parameters Afb, A>p' and Fl, for the Bd 
K*'~'fi^ljL^ decay at LHCb in regions of the squared di-muon mass with 2 and 10 fb^^ of integrated luminosity. 



3.2.3.3 Rk at LHCb 

Reconstructing i?+ K+e+e^ as well as i?+ — > fi'^ fi^ allows us to extract the ratio Rk of 
the two branching fractions, integrated over a given di-lepton mass range. The same reconstruction 
requirements are applied to —>■ K^fi^fi^ and B^ —>■ K+e+e^ decay. A proper bremsstrahlung 
correction is essential in the latter channel. The correction for the lower reconstruction and trigger 
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Fig. 10: Expected candidate mass distributions in the i3+ if +e+e~ (left) and 5+ ^^fi'^ (right) 

modes for 10 fb^^ at LHCb. The dotted Unes show the contributions from signal and specific backgrounds as 
extracted from the fit (see text). 



efficiency in the electron mode is extracted from — > J/ipK^ decays. The di-lepton mass range is 
chosen to be < < 6 GeV^/c^ in order to avoid cc resonances (especially in the e'^e^ mode) 
and threshold effects due to the higher fi mass. The event yields are extracted from a fit to the Ki~^£~ 
mass distributions. Peaking backgrounds from —>■ J/i/jK~^ and Bd —>■ K*i~^£~ are measured using 
control samples and included in the fit. 

The expected B candidate mass distributions are shown in Fig.[lO]for five years (10 fb^^) of data 
taking. The yields returned by the fit are given in the table below. They are compatible with the number 
of true MC events. The B/S ratios are given for the full signal box within ±600 MeV around the B^ 
mass (shown in Fig.fTOl). 

Yield B/S (TjmBj 

B+ ^K+n+fi- 18 774 ± 230 ^^^^29 14 MeV/c^ 
B+ ET+e+e" 9 240 ± 380 ~ 30 68 MeV/c^ 

The errors on the yields are the statistical error returned by the fit. Using these errors one gets an 
error on Rk of 4.3% for 10 £5"^ 

3.2.3.4 Semileptonic rare B decays at ATLAS 

With the ATLAS experiment, new physics effects in 6 ^ sl^l^ transitions will be searched for in the 
branching ratio and forward-backward asymmetry Apsiff') between 6-hadron and momenta. With 
baryonic decays (A^ — > A°/i+/i^) new physics effects can also be extracted from hP polarisation and 
asymmetry parameters (Figs. 2,3,4 from [480]), but influence of possible initial A^ polarisation has to be 
accounted for [486]. Note that the measurement of the di-lepton mass spectrum is more sensitive to the 
ATLAS detector efficiency than to new physics. 

The main part of B-physics studies will be performed in the initial LHC low-luminosity stage (3 
years at L = 10^^ cm~^s~^). It is expected that the luminosity will vary by a factor of 2 during 
beam-coast and there will be 2 — 3 interactions per collision. The production rate of hh pairs at ATLAS 
is ~ 500 kHz, which implies having 5 • 10^^ bh pairs per year (10'' seconds). 

Experimental feasibility studies for rare decays of B^, B^, B^ and A;, at ATLAS have been 
performed using the full detector simulation chain [502]. The decay kinematics was defined via matrix 
elements included into the 6-physics Pythia interface [503] {B^, B^) or using the EvtGen decay tool [504, 



71 



505] {B^, Ah) with matrix elements taken from theoretical publications in [292,430,477,479,506]. The 
pp interactions were generated using Pythia6 [507] tuned for correct 6-quark production [503]. Events 
were filtered at generator level to emulate the di-muonic LVLl trigger cuts (see below) and charged tracks 
from the i3-decays were required to fit in ATLAS tracking system capabilities (px ^0.5 GeV, |r/| < 2.5 
[508]). These cuts influence the q"^ spectrum and ApB shape. Study of the sample of A^ A^fx'^fi" 
events have shown that higher di-muon mass values are preferred (fraction of events with below J ftp 
mass decreased from 67 % to 58 %) and Aps affected in the q'^/M^ < 0.1 region (suppression by 
40 % of \Afb\ was found). 

The trigger system at ATLAS consists of three levels: Level 1 trigger (LVLl), Level 2 trigger 
(LVL2) and Event Filter (EE) [509]. LVLl stage is based on the detection of two high-px muons by 
the fast muon trigger chambers (pt/^i > 6 GeV, PT^t2 > 4 GeV and \ri^-^ 2 1 < 2.5 driven by detector 
acceptance). A preliminary study of the di-muonic LVLl performance was shown in [510]. The LVLl 
rate is dominated by real di-muons giving a rate of ~ 150 Hz, but also by events with a single muon, 
doubly counted due to overlap of trigger chambers. In order to suppress the fake di-muon triggers, a 
system of overlap flags was introduced. The study indicated that signal rejection due to this overlap- 
removal algorithm is less then 0.5 %. Efficiency suppression due to small di-muonic opening angles was 
also studied, finding the effect below 1 %. Overall (75 — 80) % single muon and 60 % di-muon 
trigger efficiency was found for the sample of A;, —>■ A'^^+/i~ events. At the second level, the muon 
Pt measurement will be confirmed in the Muon Precision Chambers, Tile Calorimeter and extrapolated 
to the Inner Detector in order to reject muons from K/i: decays. The di-muon specific detailed LVL2 
and EE strategies have not yet been set up. The purpose of LVL2 is to select preliminary candidates for 
the i?-hadrons rare decay, based on track parameters and fast calculations. A secondary fast vertex fit 
can optionally be used at LVL2 level to achieve a satisfactory background rejection. At the EE level, 
offline-like selection cuts will be applied. 

The key signature of rare decays is the presence of the opposite-charge muon pair. The di-muon 
pair is likely to form a secondary vertex which is detached from the primary vertex. The identification 
of this vertex, if particularly close to the interaction point, requires well reconstructed leptons. The event 
selection is done in the following order: muon and di-muon identification; secondary hadron selection; 
S-hadron selection. The analysis has to rely on topological variables as vertex quality, vertex separation 
(ctb > 0.5 ps) and pointing to primary vertex constraint on the i?-hadron momentum. The vertexing 
algorithm used is the one adopted from the CDE collaboration [511]. Simple vertex fits are used to select 
secondary hadrons and di-muon candidates, while for the B-hadron the whole cascade decay topology 
is fitted at once. 

Due to low signal BRs, great background suppression has to be achieved. The main background 
source comes from beauty decays producing a muon pair in the final state. The present study based on 
a sample of bb — > ^Mp,j,>6(4) GcV/^PT>4GeV events, provides upper limits for fake events as sketched in 
Table mi 



Decay 


Signal 


Background 




2500 


12000 




900 


10000 


B+ K*+fi+fi- 


2300 


12000 


B+ K+fx+fi- 


4000 


12000 


Ah ^ AV+/i- 


800 


4000 



Table 18: Expected number of events for signal and 
background upper limit after 30 fb~^ measurement. 



Interval of q^/M'^ 


0.00 
0.14 


0.14 
0.33 


0.55 
0.71 


Number of events 


570 


540 


990 


Afb 


11.8% 


-6.1% 


-13.7% 


Statistical error 


4.2% 


4.3% 


3.2% 


SM prediction 


10% 


-14% 


-29% 



Table 19: Averaged Afb of B° ^ K^^*n+fi- from AT- 
LAS simulations (not corrected for detector effects and 
background) at Lmt — 30 fb~^, its statistical precision 
and comparison to SM prediction. 



K'^*fj.~^fi decay. We divide the 



In Table [T9] the reconstructed Aps is presented for B[ 
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g^/M^-region into three intervals: the first interval from {2m^/MB)'^ to the so-called "zero-point" 
[472], the second interval from the "zero-point" to the lower boundaries of the J /ijj and ip' resonances, 
and the last interval from the resonance area to {Mb — Mk*)"^ /M"^. Data collected in 3 years of LHC 
operations, corresponding to 30 fb^^ of integrated luminosity, will be enough to confirm the Standard 
Model or to set strong limits on SM extensions. 

An attempt to estimate the statistical errors of the branching ratio measurements has been made for 
K^fi^fi^ and K*~^ ii~ decays [512]. They were ~ 3.5 % and ~ 6.5 %, respectively 

for B'^ —>■ K^fi^fi'^ and B^ —>■ K*'^fi^fi~ decays. These errors on the branching ratio measurements 
are much smaller than the current experimental and theoretical ones. 

3.2.4 Phenomenological implications and new physics constraints 
3.2.4.1 New Physics in exclusive b — > si~^i~ induced decays 

The potential of Standard Model (SM) tests and New Physics (NP) searches with b — > s£~^i~ transitions 
has been stressed and explored in several works, e.g., [498,513], and references therein. Of particular 
interest for the LHC are the exclusive decays (i) Bs (ii) B K^^k+l', B., (/)£+£-, 

Bs rj~''^t^t' and (iii) M'^l^ , where £ = e,fi, (r). Decays involving additional photons, such 

as Bs — > £~^£~'y [514] are more sensitive to the hadronic QCD dynamics than the modes (i-iii). They are 
briefly considered in Sec. 13.41 Lepton flavor violating (LFV) decays such as 6 ^ se^fi^ are discussed 
e.g. in [515,516] and will not be considered further here. We stress that FCNCs with final state r-leptons 
are poorly constrained experimentally to date, and it would be highly desirable to fill this gap since they 
test third generation couplings. The latter feature is also shared by the di-neutrino final states discussed, 
e.g., in [517] and in Sec. 13.31 

The presence of NP can lead to modified values for the short-distance coefficients Cj, including 
new CP-violating phases, and the generation of new operators in the weak effective Hamiltonian. These 
could include chirality flipped versions of the SM operators O'^ (down by ms/mi, within the SM) from 
right-handed currents or scalar operators from Higgs exchanges Os,p (down by mimi^/m'y^ within the 
SM), or tensor currents. Scenarios with light NP particles require additional operators, build out of 
the latter, see [518] for the MSSM with light sbottom and gluino. Model-independent information on 
^7*8^9 10 been previously extracted from combined analysis of 6 ^ s£'^£~ and radiative b s^,sg 
data [430,473,491], also including (pseudo)-scalar contributions Cs,p [431,519]. In this program the 
study of correlations between decays and observables is an important ingredient, which enables identifi- 
cation of a possible SM breakdown and its sources. 

The leptonic decay B^ —>■ £^£^ is a smoking gun for neutral Higgs effects in SUSY models with 
large tan f3 and is discussed in detail in Section 13.41 A clean test of minimal flavour violation (MFV, 
see section UTS is the S^-S^ -ratio Ru = B{B° £+£-)/B{B^s ^ £'^£~)- In the SM and within 
MFV models 0.02 < -R«|g^ < 0.05, whereas in non-MFV scenarios Ru can be 0(1) [520]. Phases 
in Cs,p are probed with time-dependent and integrated CP-asymmetries requiring lepton-polarization 
measurements [521-523]. 

Besides the measurement of branching ratios, the B —>■ K£^£^ and B —>■ K*£^£^ decays offer 
a number of orthogonal observables. For instance, the latest experimental results from Belle and BaBar 
for these modes [491,492,524] already include first investigations of angular distributions. The dilepton 
mass (q^) spectra of B ^ K^*H^£'^ are sensitive to the sign of Re{CY^*Cg^) and to NP contributions in 
Cg^io, and flipped Cg [525] - however, with rather large hadronic uncertainties from form factors and 
non-factorizable long-distance effects (see Sec. 13.2.21 ). Using constraints on |Cs^p| from Bs —>■ ^^A*" 
[519] shows that B K^*H^£'~ spectra are rather insensitive to NP effects in Cs and Cp. 

The forward-backward asymmetry for decays into light pseudoscalars, Afb{B K£~^£~), van- 
ishes in the SM. Beyond the SM it is proportional to the lepton mass and the matrix elements of 
the new scalar and pseudoscalar penguin operators. The BaBar measurement of the angular distribu- 
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tion [492] is consistent with a zero FB asymmetry. Using model-independent constraints on |Cs^p| from 
Bs —^ A^^M" [519] one expects Afb{B Kfi^jj.^) < 4%. Moreover, in the MSSM with large tan/3 
one has Cs — —Cp, and the FB asymmetry comes out even smaller, Afb{B — > Ki^i^) < 1 (30)% 
for £ = fi{T) [494,526,527]. In contrast, for decays into light vector mesons, Afb{B — K*£^i~) is 
non-zero in the SM and exhibits a characteristic zero Qq, whose position is relatively free of hadronic un- 
certainties, see Sec. 13.2.21 In a general model-independent NP analysis [525,528] the position of the zero, 
the magnitude and shape of Apb{B — > K*£^£^) aie found to depend on the modulus and phases of all 
Wilson coefficients. Note that also M'^£~ decays share the universal SM App-'Z-tm in lowest 

order of the l/mt and expansion [476]. In off -resonance B K'K£'^i^ decays the analogous App 
zero is also sensitive to NP effects [475]. The CP-asymmetry for the FB asymmetry in B — > K*£'^£~ is 
a quasi-null test of the SM [517], with A^I^Ism < 10^'^. Sizable values can arise beyond the SM, for 
instance from non-standard CP- violating Z-penguins, contributing to arg[Cio]. 

The (CP-averaged) isospin asymmetry in B ^ K*£~^£~ is defined from the difference between 
charged and neutral B decays [529]. It vanishes in naive factorization (assuming isospin-symmetric 
form factors). A non-zero value arises from non-factorizable interactions where the photon couples to 
the spectator quark. For small values of q"^, the isospin asymmetry can be analyzed in QCDF [529]. The 
largest contributions are induced by the strong penguin operators O^-q, and the sign of the asymmetry 
depends on the sign of Cj^. Within the SM and minimal-flavour violating MSSM scenarios, the isospin 
asymmetry is found to be small. Sizable deviations of Aj{B — > K*£~^£~) from zero would thus signal 
NP beyond MFV. 

Following Ref. [468], one can construct further observables from an angular analysis of the de- 
cay B° K*^{-^ K~-K^)£'^t^ , see (I90I92I ). The SM predictions are consistent with the existing 
experimental data for the (integrated) value of the longitudinal K* polarization Fp [492]. A model- 
independent analysis with flipped O'j shows some sensitivity of the angular observables to right-handed 
currents [468], see also [525]. The shapes of the transverse asymmetries Apiq^) depend strongly on C^ 
and C'rj whereas NP effects in Cg^io are rather small taking into account constraints from other i?-physics 

data. Moreover, the zeros of Ap'^\q^) are sensitive to C'j. NP can give large contributions to the polar- 
ization parameter aK*{q^) and Fp^pil'^) in extreme scenarios, however the influence of Cg and Cio is 
Stronger and theoretical errors are larger than in Aj, ' . 
The muon-to-electron ratios 

/gi dq^ I Jqi dq 

are probing for non-universal lepton couplings, for instance from Higgs exchange or R-parity violating 
interactions in SUSY models. Kinematic lepton-mass effects are tiny, ©(m^/m^). Taking the same 
integration boundaries for muon and electrons, the SM predictions are rather free of hadronic uncertain- 
ties [431] 

= 1 + ©(m^/mg), with = 1 ± 0.0001, = 0.991 ± 0.002, (97) 

and agree with the measurements Rr = 1.06 ± 0.48 ± 0.08 and Rr* = 0.91 ± 0.45 ± 0.06 [492]. 

Studying correlations between different observables, one may be able to discriminate between 
different NP models. For instance, non-trivial correlation effects appear between Rk and B{Bs 
fi+fi-), since B K£+£- depends on Cs,p + C'^ p whereas ^(5° ^ £+£') on Cs,p - C'gp [431]. 
Also, B{Bs —>■ fJ-^fJ-^) and Arng are strongly correlated in the minimal-flavour violating MSSM at 
large tan/3 [30], whereas no such correlation occurs in models with an additional gauge singlet, like the 
NMSSM studied in [530]. A summary of all observables with central results is given in Table [ 



Rh - dq' ^^^v^™^^ / - ^ H = {K, K^} (96) 
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Table 20: Summary of observables in B ^ Kt+£-, B K*£+£- and B° £+£- decays. 



Observable 


comments 


dr{B ^ K(*U+£-)/dq'^ 


Hadronic uncertainties (form factors, non-factorizable effects, cc) 




SM: depends on |Cf||_iol and Re{Cf*Cf) 




NP: sensitive to -Z'-penguins, Cg ;^q, sgn(Cy*^), but not to C5 p 


Afb{B K£+£-) 


SM: ~ (quasi null test) 




NP: sensitive to Cs + Co 




using Bg U^U^ constraint: <(few % for u+u") 

^99 ^ II'' 


dApBiB^ K*£+£-)/dq^ 


Hadronic uncertainties 


(shape and magnitude) 


NP: sensitive to sgn(C7*^), sgn(Cfo ), ^-penguins 


FB asymmetry zero 


Smaller uncertainties (test of the SM) 


aCP 


SM" < Tauasi null test^ 




NP: CP-phase in Cio (+ dynamic strong phase) 


dAi{B ^ K* £+£-)/ dq^ 


Hadronic uncertainties 




SM: 0{+W%) for < 2 GeV^; depends on ^5,6 (c.f. Aj{B K*j)) 




0(-l%) for 2 < g2 < 7 GcV^; depends on'c3,4 




NP: sensitive to strong penguin operators; sgn(C7^) 


ax*, Fl,t 


Smaller uncertainties (test of SM) 




NP: right-handed currents, e.g., Cy 




Tiny uncertainties: < ±1% 




SM: 1 + 0{m'i/m'^) (common cuts) 




NP: non-universal lepton couplings; Cgp, neutral Higgs exchange 


B{B^ £+£-) 


Uncertainties: /b^ 




SM: depends on \C\q Vtq\ 




(') 

NP: lepton-mass effects; Cgp, neutral Higgs exchange 


Ru 


Uncertainties: fsJfBs 




SM:~|l-,,|V|y,,|2/i//i 




NP:testofMFV 



3.2.4.2 B — ^ K*££ and universal extra dimensions 

FCNC B decays are sensitive to new physics scenarios involving extra dimensions. As an example, 
we discuss here the possibility to constrain the model proposed in [180] (ACD model), which is an 
extension of the SM by a fifth (universal) extra dimension. The extra dimension is compactified to the 
orbifold /Z2, and all the SM fields are allowed to propagate in all dimensions. This model only 
requires a single additional parameter with respect to the SM, namely the radius R of the compactified 
extra dimension. The Standard Model is recovered in the limit \/ R ^ 00 where the predicted extra 
Kaluza-Klein particles decouple from the low energy theory. 

The effective Hamiltonian inducing b — > s£^£~ , b sui) and b —>■ s'j transitions in ACD 
has been computed in [17, 181]. In the case of the exclusive modes B —>■ K^*H'^£~, B —>■ K^*^!/!? 
and B K*j there are several observables sensitive to 1/R that can be used to probe this scenario 
[182, 183]. At present, the most stringent experimental bound on 1/i? comes from B — > K*^, leading 
to > 300 — 400 GeV, depending on the assumed hadronic uncertainties. 

For values of of the order of a few hundred GeV, one expects an enhancement of B{B 
K(*k+£-) and B(S ^ K(*^uiy) with respect to the SM (of the order of 20% for 1/R = 300 GeV) and a 
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suppression of B{B —>■ K*'y) (at the same level for = 300 GeV). In general, the sensitivity to is 
masked by the uncertainty of the hadronic B K^*^ matrix elements. A useful observable with smaller 
hadronic uncertainties is the position of the forward-backward asymmetry zero in B ^ K*i^£~, which 
in ACD is shifted to smaller values as 1/R decreases, as shown in Fig. [TT](left). Another interesting 
quantity, which however has a more pronounced dependence on hadronic uncertainties is the position 
{(f)max of the maximum of the longitudinal helicity fraction of K* in the same process; its sensitivity 
to is also shown in Fig. [TT] (right). 




4- (GeV) 4- (GeV) 



Fig. 11: Position of the zero, sq = q^, of Afb (left) and of the maximum of the longitudinal K* helicity fraction 
(right) in i? — > K*£^i^ as a function of in the ACD extra dimension scenario. R is the radius of the com- 
pactified extra dimension. The uncertainties only include the B K* form-factor dependence; non-factorizable 
corrections have not been taken into account. 



In the case of 5 ^ K^*^ T^T decays, r-polarization asymmetries can be considered, in which 
the hadronic form factor dependence drops out for large K* recoil energies. The transverse asymmetry 
decreases as is decreased, whereas the branching fraction increases. The combined observation of 
this pattern of deviations from SM results would represent a signature of the ACD scenario. 
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3.3 Neutrino modes 

Here we discuss the so called neutrino modes. In particular, we talk about the rare SM modes B 
XgW and B ^ tv. Experimentally, these modes are similar since both are associated with large 
missing energy. InB ^ Ksfv there are the two neutrinos, vaB ^ Tviher decays very fast, yielding 
a final state with two neutrinos as well. Theoretically these two modes are different. B ^ Xsvv i& ?l 
FCNC process and thus occurs at one loop in the SM. i? ^ r z/, on the other hand, occurs at tree level, 
but it is strongly suppressed for several reasons: helicity, a small CKM factor and the decay mechanism 
by weak annihilation ~ l/ruB- 



3.3.1 Neutrino modes: theory 

3.3.1.1 Inclusive b suv decays 

Here we follow [532] with necessary updates. The FCNC decay B ^ XgU u i?, very sensitive to exten- 
sions of the SM and provides a unique source of constraints on some NP scenarios which predict a large 
enhancement of this decay mode. In particular, ihe B ^ Xg Vt mode is very sensitive to the relatively 
unexplored couplings of third generation fermions. 

From the theoretical point of view, the decay B ^ XgV v \% ?i very clean process. Both the 
perturbative ag and the non-perturbative corrections are known to be small. Furthermore, in con- 

trast to the decay B ^ Xgt^ , which suffers from (theoretical and experimental) background such 
d& B ^ Xg J li^ ^ Xg i~, there are no important long-distance QCD contributions. Therefore, the 
decay B ^ XgU u is well suited to search for and constrain NP effects. 

Another advantage of the B ^ XgV v mode is that the missing energy spectrum can be calculated 
essentially in a model independent way. Thus, one can directly compare experimental data with the 
theoretical expressions as derived in specific models. Under the only assumption of two-component left- 
handed neutrinos the most general form of the four-fermion interaction responsible for B ^ XqUi i>j 
reads 

C = ClOl + CrOr, (98) 

where 

Ol = [ql 7m bL] [91 > Or = [qr 7^ bR] [91 ^ui] . (99) 

Here L and R denote left- and right-handed components, q = d,s, and i, j = e, ii, r. As the flavours 
of the decay products are not detected, in certain models more than one final state can contribute to the 
observed decay rate. Then, in principle, both Cl and Cr carry three indices q, i, j, which label the 
quark and neutrino flavours in the final state. 

In the SM, B ^ Xgi'9 proceeds via W^-box and Z-penguin diagrams and only Ol is present. 
The corresponding coefficient reads 



Cl^^^^^V,lV,gXo{x,), Xo(x) = | 



2 + X 3x — 6 
T + 7 T\2 



(100) 



where Xt = mf/m^r- The leading and corrections to the SM result are known. Thus, the 

theoretical uncertainties in the SM rate are rather small, less than 0(5%). They come mainly from the 
uncertainties in rrit, \Vts\ and unknown higher order corrections. At lowest order, the missing energy 
spectrum in the B rest-frame is given by [531] 

^^'^lf'"'^-' =||(|C.|- + |CHn^(r,.). (101) 

Here we have not yet summed over the neutrino flavours. The function S{r, x) describes the shape of the 
missing energy spectrum 



S{r, x) = ^/{l-x)'^ -r (1 - x) {4x - 1) + r {1 - 3x) - 6r/v^ {1 - 2x - r) 



(102) 
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The dimensionless variable X = E'miss/^ife can range between (l—r)/2 <x< 1 — ^,andr = ml/ml. 
The parameter ry = — Re(CL C'^)/(|C'lP + |C'i?P) ranges between — \<r]< \. Since r is very small, 
in practice the spectrum is independent of the relative size of Cl and Cr and therefore immune to the 
presence of new physics. 

It is convenient to define two "effective" coefficients Cl and Cr, which can be computed in terms 
of the parameters of any model and are directly related to the experimental measurement. To remove 
the large uncertainty in the total decay rate associated with the m\ factor, it is convenient to normaUze 
B{B ^ Xguu) to the semileptonic rate B{B — > XcSu). The contribution from B — > e u, as well 
as possible NP effects on the semileptonic decay rate are negligible. In constraining NP, we can also set 
nis = and neglect both order ag and corrections. This is justified, since when averaged over the 
spectrum these effects are very small, and would affect the numerical bounds on the NP parameters only 
in a negUgible way. For the total B ^ XqVi Vj decay rate into all possible q = d,s and i,j = e,fi,T 
final state flavours, we then obtain 

BjB^Xui?) ^ Cl + Cl 

B{B^X,eu) \K,\^f{myml)' ^ ^ 

where f{x) = 1 — 8x + 8x^ — — 12x^ In a; is the usual phase-space factor, and we defined 



^ q,i,j ^ q,i,3 



(104) 



Note that channels with a different lepton flavour in the final state do not interfere. Thus, the sum among 
different channels is in the rate and not in the ampUtude. The SM prediction, including NLO QCD 
corrections [213,547,548], is B^^{B ^ Xsv9) = Ay. IQ-^. 

New physics can generate new contributions to and/or to Cr. Many new physics models were 
studied in [532]. In general, there are bounds from other processes, in particular, b s£'^£~. In all 
models where these two processes are related, the NP contribution to the neutrino modes is bounded to 
be below the SM expectation. In that case one needs to measure the neutrino mode at high precision in 
order to be able to probe these models of new physics. 

The other case may be more interesting. In some models there is an enhancement of the couplings 
to the third generation. Then B ^ Xgi'i^ is related only to b ^ st^t~ . This mode is very hard to 
measure and thus there is no tight bound on these models. In that cases NP could enhance the rate much 
above the SM rate. That is, if we find that the rate of B ^ XgV i> is much above the SM rate, it will be 
an indication for models where the third generation is different. 



3.3.1.2 Exclusive b suv decays 

In principle, the theoretically cleanest observables are provided by inclusive decays, on the other hand, 
the exclusive variants will be more readily accessible in experiment. Despite the sizable theoretical 

uncertainties in the exclusive hadronic form factors, these processes could therefore give interesting first 
clues on deviations from what is expected in the Standard Model [517]. This is particularly true if those 
happen to be large or if they show striking patterns. In the following, we discuss integrated observables 
and distributions in the invariant mass of the dilepton system, q^, for the three-body decays B Mvv, 
with M = K, K*. The kinematical range of q"^ is given by < < (m^ — rriM)^- In the B Mvu 
decays, is not directly measurable but it is related to the kaon energy in the i?-meson rest frame, Em, 
by the relation q"^ = m\ + mj^ — 2mBEM, where ttt-m < Em < {m% + "iM)/(2"T's)- 



B Kvu 

The dilepton spectrum of this mode is particularly simple and it is sensitive only to the combination 
I + P [5 35 , 5 36] . This is in contrast to the inclusive case where only the combination | P + 1 | ^ 
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entered the decay rate. In the inclusive case all the interference terms average to zero when we sum 
over all the possible hadronic final states. In this way exclusive processes are natural grounds where 
to perform tests of right-handed NP currents, given their interference with the purely left-handed SM 
current. Finally, the dilepton spectrum is [535,536] 



dr{B Kuv) _ Gj,a^m% 



§^ \Vt*sVt,\' Xfis) fUs) \Cl + C7)^|^ 



u\2 



ds 



(105) 



where we have defined the dimensionless variables s = /m?^ and r^f = "iif/w-s. and the function 

Aa/ (s) = 1 + rli + -2s- 2rM - 2rMS . (106) 

In the case of M = K the hadronic matrix elements needed for our analysis are given by (l53l) with 
P = K. Up to small isospin breaking effects, which we shall neglect, the same set of form factors 
describes both charged {B~ — > K~) and neutral (S*^ —>■ R'^) transitions. Thus in the isospin hmit we 
get 

T{B Kvv) = T{B+ K+i^i?) = 2T{B° Kl^s^u) • (107) 

The absence of absorptive final-state interactions in this process also leads to T{B — > Kuv) = T{B 
Kvu), preventing the observation of any direct CP violating effect. Integrating Eq. (11051) over the full 
range of s leads to 



B{B Kvv) = (3.8l(^:^) X 10 



Cl\ 



SM 



(108) 



where the error is due to the uncertainty in the form factors. 

If the experimental sensitivity on B{B —>■ Kvv) reached the 10^^ level, then the uncertainty 
due the form factors would prevent a precise extraction of\C1 + from dlOSI ). This problem can 
be substantially reduced by relating the differential distribution of — > Kvv to the one of i? ^ vrefg 
[537,538]: 



dT{B^Kuu)/ds _2,a^ 
dT{BO ■K-e+Ve)/ds ~ 4^ 



ub 



3/2 



j/|2 

r\ 



(109) 



Indeed f^{s) and coincide up to SU{3) breaking effects, which are expected to be small, es- 

pecially far from the endpoint region. An additional uncertainty in ( 11091 ) is induced by the CKM ratio 
l^ts^tfcP/I^MfcP which, however, can independently be determined from other processes. 



B K*vi> 



A great deal of information can be obtained from the channel B K*uT> investigating, together with 
the lepton invariant mass distribution, also the forward-backward (FB) asymmetry in the dilepton angular 
distribution. This may reveal effects beyond the Standard Model that could not be observed in the 
analysis of the decay rate. The dilepton invariant mass spectrum of — > K*vu decays is sensitive to 
both combinations \Cl - C7]^| and + C^)^| [535,536,539]: 



dr{B K*yv) 
ds 



10247r5 



.\ ^s\k*{s)V\s) 2 



+- 



[I + V^f {\k' (s) + l2rK's) Al{s) + 



>?kMAI{s) 

(1 + 



2\k*{s){1 - rK* - s)Ai{s)A2{s) 



C'k\ 



(110) 



7Q 



where the form factors Ai{s), ^2(5) and V{s) are defined in (l54l) . Integrating Eq. (IllOl) over the full 
range of s leads to 



B(B K*vv) 



2Atll) X 10- 



BiB K*vv] 
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A reduction of the error induced by the poor knowledge of the form factors can be obtained by 
normalizing the dilepton distributions of S — > K*vu to the one oi B ^ peve [538, 540]. This is 
particularly effective in the limit s ^ 0, where the contribution proportional to |C)^ + (vector 
current) drops out. 

3.3.1.3 B^lv 

Recently, the Belle [323] and BaBar [533] collaborations have observed the purely leptonic decays 
B~ u, ( 11201 ) and (11211 ). Even if both measurements are still affected by large uncertainties, 

the observation of the B^ ^ t~i? transition represents a fundamental step forward towards a deeper un- 
derstanding of both flavour and electroweak dynamics. The precise measurement of its decay rate could 
provide clear evidence of New Physics, such as a non-standard Higgs sector with large tan (3 [31]. 

Due to the V — A structure of the weak interactions, the SM contributions to S ^ ^ are helicity 
suppressed. Hence, these processes are very sensitive to non-SM effects (such as multi-Higgs effects) 
which might induce an effective pseudoscalai" hadronic weak cunent [31]. In particular, charged Higgs 
bosons {H^) appearing in any model with two Higgs doublets (including the SUSY case) can contribute 
at tree level to the above processes. The relevant four-Fermi interaction for the decay of charged mesons 
induced by and has the following form: 
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where Pr^l = (1 i 75)/2. Here we keep only the tan/? enhanced part of the H^ub coupling, namely 
the mi) tan /3 term. The decays B ^ proceed via the axial- vector part of the coupling and via 
the pseudoscalar part of the coupling. The amplitude then reads 
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We observe that the SM term is proportional to mi because of the helicity suppression while the charged 
Higgs term is proportional to m^ because of the Yukawa coupling. 

The SM expectation for the B~ — > t~z^ branching fraction is 
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where we used \Vub\ = (4.39 ± 0.33) x 10 from inclusive b u semileptonic decays [386], tb 
1.643 ± 0.010 ps, and the recent unquenched lattice result Jb = 0.216 ± 0.022 GeV [318]. 

The inclusion of scalar charged currents leads to the following expression [31]: 
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Interestingly, in models where the two Higgs doublets are coupled separately to up- and down-type 
quarks, the interference between and amplitudes is necessarily destructive. For a natural choice 
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of the parameters (30 < tan /? < 50, 0.5 < Mh± /TeV < 1) Eq. (fTT6] ) implies a (5-30)% suppression 
with respect to the SM. The corresponding expressions for the K ^ Iv channels are obtained with the 
replacement niB — > rriK, while for the D ^ iu case {ms/mc)ml. It is then easy to check that 

a 30% suppression of B{B — > tu) should be accompanied by a 0.3% suppression (relative to the SM) 
m B{D —>■ £u) and B{K —>■ iu). At present, the theoretical uncertainty on the corresponding decay 
constants does not allow to observe such effects. 

Apart from the experimental error, one of the difficulties in obtaining a clear evidence of a possible 
deviation of Rbtu from unity is the large parametric uncertainty induced by and \ Vub\- An interest- 
ing way to partially circumvent this problem is obtained by normalizing B{B~ —>■ t^u) to the B^-B^ 
mass difference (AMb^) [32]. Neglecting the tiny isospin-breaking differences in masses, life-times and 
decay constants, between B^ and B^ mesons, we can write [32] 
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Following standard notation, we have denoted by So{mf /M^), 7]b and Bb^ the Wilson coefficient, the 
QCD correction factor and the bag parameter of the AB = 2 operator within the SM (see e.g. Ref. [29]), 
using the unquenched lattice resuh Bb^ = 0-836 ± 0.068 [317] and |Kfe/Vtd| = 0.464 ± 0.024 from the 
UTfit collaboration [210]. 

The ratio R'bt-^, = B{B^ —>■ v) /tbAMb^ could become a more stringent test of the SM in 
the near future, with higher statistics on the B^ t^u channel. In generic extensions of the SM the 
New Physics impact on Rbtu and i?'^^^ is not necessarily the same. However, it should coincide if the 
non-SM contribution to AMb^ is negligible, which is an excellent approximation in the class of models 
considered in [32]. 

For consistency, the iT/ub/Vfdl combination entering in R'Bru — B{B^ —>■ v) /tbAMb^^ should 
be determined without using the information on AMb^ and B~ ^ t~z^ (a condition that is already 
almost fulfilled). In the near future one could determine this ratio with negligible hadronic uncertainties 
using the relation \ Vub/Vtd\ = \ sin /J^km / sin 7ckm I • 

From Eq. (11161 ). it is evident that such tree level NP contributions, namely the th factor, do not in- 
troduce any lepton flavour dependent correction and thus departures from the SM lepton universality are 
not introduced. However, as pointed out in Ref. [534], this is no longer true in realistic supersymmetric 
frameworks if the model contains sizable sources of flavour violation in the lepton sector (a possibility 
that is well motivated by the large mixing angles in the neutrino sector). In the last case, we can expect 
observable deviations from the SM in the ratios 
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R'r'= Ti - (119) 



with P = IT, K, B and £1^2 = e, /i, r. The lepton-flavour violating (LEV) effects can be quite large in e 
or /i modes, while in first approximation they are negligible in the r channels. In the most favourable sce- 
narios, taking into account the constraints from LEV r decays [165, 166], spectacular order-of-magnitude 
enhancements for R^^^ and 0(100%) deviations from the SM in R^^^ are allowed [32]. The key ingre- 
dients that allow visible non-SM contributions in R'p^ within the MSSM are large values of tan /? and 
sizable mixing angles in the right-slepton sector, such that the P — > £ii'j rate (with i / j) becomes non 
negligible. 
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3.3.2 Neutrino modes: experiment 

Experimental prospects for neutrino modes, such asb^suv, B^tv and 6 —> cr i/, are discussed. 
Because of the missing multiple neutrinos in the final state, these decays lack kinematic constraints, 
which could be used to surpress background processes. The e+e" -B-factories, where background is 
relatively low and can be reduced by reconstructing the accompanying B meson, would be the ideal 
place to measure these decays. We also discuss the prospect forB—^fi u, which can be used to test the 
lepton universality in comparison to S — > tv. 

Belle and BaBar have used hadronic decays to reconstruct the accompanying B (hadronic tags), 
for which the tagging efficiency is about 0.3(0.1)% for the charged (neutral) B meson. BaBar has used 
also semileptonic decays B D^*Hv (semileptonic tags) to increase the efficiency at the expense of 
the signal-to-noise ratio. 

The present e+e^ i?-factory experiments are starting to measure some of these decays, as demon- 
strated by the first evidence of B ^ t u, which was recently reported by Belle. However, precision 
measurements and detection of very difficult modes, such as b ^ s u u, require at least a couple of tens 
ab^^ data, which can be reached only at the proposed super ^-factories. 

3.3.2.1 b SUV 

Presently, experimental limits on exclusive b svv modes are available from Belle and BaBar. Belle has 
reported the result of a search for B~ K~vv using a 253 fb^^ data sample [541]. The analysis utilizes 
the hadronic tags, and requires that the event has no remaining charged tracks nor neutral clusters other 
than the candidate. Fig. [12] a) shows the distribution of remaining neutral cluster energy recorded 
in the electromagnetic calorimeter (Eecl) after all the selection cuts are applied. The signal detection 
efficiency is estimated to be 43% for the tagged events. In the signal region, defined as Eecl < 0.3 
GeV, the expected number of signals is 0.70, assuming the Standard Model branching fraction of B{B — > 
K~vi>) = 4 X 10^^, while the number of background estimated from the sideband data is 2.6 ± 1.6. 
The deduced upper limit (90% C.L.) on the branching fraction is B{B^ —>■ K~vv) < 3.6 x 10^^. More 
recently, Belle has reported an upper limit of B{B^ — > K*^ui') < 3.4 x 10"'^, from a similar analysis 
on a 492 fb"^ data sample [542]. 

BaBar has reported B{B^ —>■ K^uu) < 5.2 x 10^^, by combining the hadronic and semileptonic 
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Fig. 12: Distribution of remaining energy for B K vv candidates; a) from Belle's analysis using the hadronic 
tag on a 253 fb^^ data sample, and b) from BaBar's analysis using the semileptonic tag on a 82 fb^^ data sample. 
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tag events from a 82 fb^^ data sample [543]. Fig.[T2]b) shows the distribution of the remianing energy 
{Eextra in BaBar's notation) for the semileptonic tag sample. Because of the large D^*^£i> 
branching fractions, the semileptonic tag method has a factor 2 to 3 higher efficiency than the hadronic 
tag method. 

Based on a simple-minded extrapolation from the Belle analysis with the hadronic tags, the re- 
quired integrated luminosity for observing the —>■ K^vv decay with 3(5) a statistical significance 
is 12(33) ab^^. The statistical precision for the branching fraction measurement will reach 18% at 50 
ab^^. Addition of the semileptonic tag sample may improve the sensitivity (this is under investigation). 

It is extremely difficult to perform an inclusive search for b — > svv. No serious studies have been 
made yet. 

3.3.2.2 B ^Tv 

Detection of B^ P is very similar to that of B ^ K'^*'>vv, and it requires that the event has 

no extra charged tracks nor neutral clusters other than those from the r decay and the accompanying B 
decay. 




Fig. 13: Distribution of the remaining energy for v candidates; a) from Belle's analysis using the 

hadronic tag on a 414 fb^^ data sample, and b) from BaBar's analysis using the semileptonic tag on a 288 fb ~^ 
data sample. 



Recently Belle has reported the first evidence for i?^ v hy applying the hadronic tag on 

a 414 fb~^ data sample [323]. The reconstructed r decay modes are e~ Ve t^t, fJ-^ v^, vr^ v^, 

7r~ 7r° u-r, IT' TT~^ 7r~ Vr- Fig- [12 a) presents the Eecl distribution, combined for all the r decay modes, 
which shows an excess of events near Eecl = 0. The number of signal {Ng) and background events 
{Ni,) in the signal region are determined to be Ns = I7.2I4 ^ and N^, = 32.0 it 0.7 by an unbinned 
maximum likelihood fit. The significance of the excess is 3.5cj including both statistical and systematic 
uncertainties. The obtained branching fraction is [323] 

B{B- ^r-y) = (1.79;°:^^(sta)+°:^?(sys)) x 10"^ (120) 

BaBar has reported results of a B^ ^ u search using the semileptonic tag on a 288 fb^^ 
data sample [533]. The tag reconstruction efficiency is about 0.7%, depending slightly on run periods. 
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When all the analyzed r decay modes are combined, 213 events are observed, while the background 
is estimated to be 191.7 ± 11.7. Since the excess is not significant, they provide an upper limit of 
B{B- ^T-v)< 1.8 X 10"^ (90% C.L.), and also quote the value [533] 

BiB-^ ^T-u) = (0.88tJ]:^^(sta) ± O.ll(sys)) x 10"^. (121) 

The semileptonic tag gives roughly two times higher efficiency than the hadronic tag, but introduces 
more backgrounds. 

Within the context of the Standard Model, the product of the B meson decay constant and the 
magnitude of the CKM matrix element \Vub\ is determined to be /slKtfcl = (10.llj 4(sta)lj^ ^(sys)) x 
lO^^GeV from the Belle result. Using the value of |Kfe| = (4.39 ± 0.33) x 10"^ from inclusive 
charmless semileptonic B decay data [386], we obtain Jb = 0.229j:°;°i^^(sta)l°;°i^^(sys) GeV. 





The charged Higgs can be constrained by comparing the measured branching fraction {B'^^^) to 
the Standard Model value of B^^^ = (1.59 ± 0.40) x 10 , which is deduced from the above \Vub\ value 
and /b = (0.216 ± 0.022) GeV obtained from lattice QCD calculations [318]. Using the Belle result, 
the ratio (11161 ) is rn = 1.13±0. 53, which then constrains the charged Higgs in the (Afj|^+ , tan j3) plane, 
as shown in Fig.[l4](top). The hatched area indicates the region excluded at a confidence level of 95.5%. 
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Fig. 15: Expected Mh+ reach at tan /? = 30 as a function of the integrated luminosity. The three curves 
correspond to (A|Kb|/|Kb|, A/b//b) = red:(0%,0%), blue:(2.5%,2.5%) and green:(5%,5%). 



Further accumulation of data helps to improve on both the statistical and systematic uncertainty 
of the branching fraction. Some of the major systematic errors, such as ambiguities in the reconstruction 
efficiency and the signal and background shapes, come from the limited statistics of a control sample. 
On the other hand, the error in the ratio th depends on the errors in the determination of \Vub\ and fB- 
Fig. [14] (bottom) shows the expected constraint at 5 ab^^, assuming the scaling of the experimental error 
by (L is the luminosity) and 5% relative error for both \ Vub\ and fs- Fig. [15] presents the Mh+ 

reach at tan /3 = 30 as a function of the integrated luminosity. Here the Mfj+ reach is defined as the 
upper limit of the 95.5% excluded region at a given tan j3. The figure shows the expectation for three 
cases, (A|Kfc|/|Kb|, A/b//b) = (0%,0%), (2.5%,2.5%) and (5%,5%). Precise determination of \Vub\ 
and Jb is desired to maximize the physics reach. 

3.3.2.3 B ^ D^*'^Tv 

The semileptonic B decay into r final state, B D^*'>t 9, is also a sensitive probe for the charged Higgs. 
In the SM, the branching fractions are expected to be about 8 x 10^^ for B —>■ Dt v and 1.6 x 10^^ 
for B — > D*r V, respectively. Because of the presence of at least two neutrinos in the final state, the 
reconstruction of these modes requires the reconstruction of the other B meson in the event, and hence 
requires a larger data sample with respect to that used to measure B — > D'^*^Iv where i = fi, e. Fig[T6l 
presents the expected future constraint in the {Mu+ , tan (3) plane for a Super B factory with a 5 and 
50 ab^^ data sample. 

3.3.2.4 B ^ fiu 

Contrary to the B~ — > ri/ case, the B~ — > ^~ u decay has more kinematic constraint because it 
has only one neutrino in the final state and the charged lepton at a fixed energy in the B rest frame. 
Therefore, present analyses by Belle and BaBar take a conventional approach, where one looks for a 
single high momentum lepton, and then inclusively reconstructs the accompanying B via a 4-vector sum 
of everything else in the event. The lepton momentum is smeared in the center-of-mass frame due to B 
momentum to give a couple of hundred MeV/c width. 

Fig.[l7]a) shows the muon momentum distribution from the Belle analysis to search for the B^ 
fi" V decay using the conventional approach on a 253 fb^^ data sample. The signal detection efficiency 
is 2.2%. The expected number of signals based on the Standard Model branching fraction (7.1 x 10^^) 
is 4.2, while the estimated background is 7.4. The reported upper limit is B{B~ ^ v) < 1.7 x 
10-6(90% C.L.) [544]. 
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Fig. 16: Expected constraint on the charged Higgs from measurements of the B — > Dt v branching fraction at 5 
and 50ab-i. 



Recently BaBar has reported a result of the B ^ fiu search using the hadronic tags on a 208.7 fb^^ 
data sample. In this case, as the B momentum is determined by the full reconstruction, there is no smear- 
ing in the lepton momentum. Fig. [T7]b) is the muon momentum distribution after all the selection cuts 
are applied. The signal detection efficiency is about 0.15%, an order of magnitude lower than for the 
conventional analysis. The reported upper limit is B{B~ —>^fi~i')< 7.9 x 10"^(90% C.L.) [545]. 

Fig. [18] shows the expected statistical significance as a function of the integrated luminosity, based 
on a simple extrapolation from the present Belle result. Accumulation of 1.6(4.3) ab^^ data will allow 
us to detect the B~ ^ v signal with 3(5) statistical significance. The 50 ab^^ data at super B- 
factories will allow us to detect about 800 signal events and measure the branching fraction with about 
6% statistical precision. 
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Fig. 17: a) Muon momentum distribution from the Belle analysis using an inclusive reconstruction of the accom- 
panying B for a 253 fb data sample, b) The same distribution from the BaBar analysis using the hadronic tags 
on a 208.7 fb^^ data sample. 



There are some points which need to be further studied. 
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Fig. 18: Expected sensitivity for fi^ D as a function of the integrated luminosity. 



Optimization of the tagging; there may be some improvement by using the semilep tonic tag in 
addition to the hadronic tag, especially for B K^uu, for which the impact of additional 
neutrinos seems to be relatively small. 

Effects of backgrounds in a high luminosity environment; future prospects are discussed so far by 
extrapolation from the present results, which may be too simple. In particular, the impact of higher 
backgrounds to the tagging efficiency and the missing energy resolution have to be more carefully 
examined. 
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3.4 Very rare decays 

3.4.1 Theory of Bq and related decays 

A particularly important class of very rare decays are the leptonic FCNC decays of Si B^or n Bg meson. 
In addition to the electroweak-loop suppression the corresponding decay rates are helicity suppressed in 
the SM by a factor of m|/m^, where m£ and Mb are the masses of lepton and B meson, respectively. 
The effective |Ai?| = |A5| = 1 Hamiltonian, which describes b ^ s decays, already contains 17 
different operators in the Standard Model, in a generic model-independent analysis of new physics this 
number will exceed 100. One virtue of purely leptonic Bg decays is their dependence on a small number 
of operators, so that they are accessible to model-independent studies of new physics. These statements, 
of course, equally apply to b ^ d transitions and leptonic B^ decays. While in the Standard Model all 
six Bg —>■ i'^i" decays (with q = dor s and £ = e, fi or t) are related to each other in a simple way, this 
is not necessarily so in models of new physics. Therefore all six decay modes should be studied. 

Other very rare decays, such as Bq £^£^£'^£'^ , £^£^^, ii^ , are briefly considered in Sec. 
l3.4.1.3l below. 



3.4.1.1 Bg — > £~^£ in the Standard Model 

Photonic penguins do not contribute to Bg — > £~^£^, because a lepton-anti-lepton pair with zero angular 
momentum has charge conjugation quantum number C = 1, while the photon has C = —1. The 
dominant contribution stems from the Z-penguin diagram and is shown in Figure [T9l 




Fig. 19: Left: Z-penguin contribution to Bg £~^£ . 



There is also a box diagram with two W bosons, which is suppressed by a factor of M^^ / with 
respect to the Z-penguin diagram. These diagrams determine the Wilson coefficient Ca of the operator 

Qa = Hl^qLhp^ld- (122) 
We will further need operators with scalar and pseudoscalar couplings to the leptons: 

Qs = nibbRqLU, Qp = mijbRqL~£'^^£. (123) 

Their coefficients Cs and Cp are determined from penguin diagrams involving the Higgs or the neutral 
Goldstone boson, respectively. While Cs and Cp are tiny and can be safely neglected in the Standard 
Model, the situation changes dramatically in popular models of new physics discussed below. The effec- 
tive Hamiltonian reads 

H = ^ ■ 2a ^tlVtq [ CsQs + CpQp + CaQa ] + h.c. (124) 

The operators Q'g, Q'p and Q'^, where the chiralities of the quarks in the bq currents are flipped with 
respect to those in (11221) . ( 11231 ). may also become relevant in general extensions of the SM. 

Ca has been determined in the next-to-leading order (NLO) of QCD [546-548]. The NLO cor- 
rections are in the percent range and higher-order corrections play no role. Ca is commonly expressed 
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in terms of the MS mass of the top quark, mt. A pole mass of m^"^^ = 171.4 it 2.1 GeV corresponds 
to mt = 163.8 lb 2.0 GeV. An excellent approximation to the NLO result for Ca, which holds with an 
accuracy of 5 • 10"^ for 149 GeV < < 179 GeV, is 



CAim) 



0.9636 



80.4 GeV mt 
Mw 164 GeV 



1.52 



(125) 



In the literature Cyi(m() is often called y(m^ /M^). The exact expression can be found e.g. in Eqs. (16- 
18) of [548]. The branching fraction can be compactly expressed in terms of the Wilson coefficients Ca, 
Cs and Cp: 
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Here fsq and tb^ are the decay constant and the lifetime of the Bg meson, respectively, and 6w is the 
Weinberg angle. Since Bg £^i^ is a short-distance process, the appropriate value of the fine-structure 
constant is a = a{Mz) = 1/128. With Eq. (11251) and Cs = Cp = Eq. (11261 ) gives the following 
Standard Model predictions: 
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The dependences on the decay constants, which have sizable theoretical uncertainties, and on the relevant 
CKM factors have been factored out. While \ Vts\ is well-determined through the precisely measured 
\Vcb\, the determination of \Vtd\ involves the global fit to the unitarity triangle and suffers from larger 
uncertainties. The residual uncertainty in Eqs. (1127141321) stems from the 2 GeV error in mj. 

Alternatively, within the standard model, the CKM dependence as well as the bulk of the hadronic 
uncertainty may be eliminated by normalizing to the well-measured meson mass differences AMpg , thus 
trading for a (less uncertain) bag parameter Bq [549] : 
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(133) 



where 5" is a perturbative short-distance function, C = 4.36 • 10^^° includes a normalization and NLO 
QCD corrections, and £ = e,fi. This reduces the total uncertainty within the SM below the 15 percent 
level. (A similar formula may be written for £ = r.) 
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3.4.1.2 Bq ^ t+l- and new physics 
Additional Higgs bosons 

The helicity suppression factor of nii/MBq in front of Ca in Eq. (11261 ) makes B{Bq — > t^l^) sensitive 
to physics with new scalar or pseudoscalar interactions, which contribute to Cs and Cp. This feature 
renders Bq — > t^l'^ highly interesting to probe models with an extended Higgs sector. Practically all 
weakly coupled extensions of the Standard Model contain extra Higgs multiplets, which puts B{Bq 
£^£^) on the center stage of indirect new physics searches. Higgs bosons couple to fermions with 
Yukawa couplings y/. In the Standard Model yb oc irH)/My/ and oc m^/My/ are so small that Higgs 
penguin diagrams, in which the Z-boson of Figure [19] is replaced by a Higgs boson, play no role. In 
extended Higgs sectors the situation can be dramatically different. Models with two or more Higgs 
multiplets can not only accommodate Yukawa couplings of order one, they also generically contain tree- 
level FCNC couplings of neutral Higgs bosons. In simple two-Higgs-doublet models these unwanted 
FCNC couplings are usually switched off in an ad-hoc way by imposing a discrete symmetry on the 
Higgs and fermion fields, which leads to the celebrated two-Higgs-doublet models of type I and type II. 
Here we only discuss the latter model, in which one Higgs doublet Hu only couples to up-type fermions 
while the other one, Hd, solely couples to down-type fermions [550]. The parameter controlling the 
size of the down-type Yukawa coupling is tan/3 = Vu/v^, the ratio of the vacuum expectation values 
acquired by Hu and H^. The Yukawa coupling y/ of Hd to the fermion / satisfies y j sin P = nif tan /3/v 



with V = ^v^ + v"^ = 174 GeV. Hence yj, ~ 1 for tan/3 ^ 50. The dominant contributions to Cs and 
Cp for large tan (3 involve charged and neutral Higgs bosons, but the final result can be solely expressed 
in terms of tan /3 and the charged Higgs boson mass Mfj+ [551] 

while Ca remains the same as in the SM. Although for very large values of tan P/Mh+ the branching 
fraction can be enhanced, the contributions in Eq. (11341 ) typically reduce B{Bq t^l~) with respect 
to the Standard Model value. The decoupling for Mu+ ^ oo is slow, e.g. for tan /? = 60 and Mh+ = 
500 GeV the new Higgs contributions reduce B{Bq £+1^) by 50%! 

Supersymmetry 

The generic Minimal Supersymmetric Standard Model (MSSM) contains many new sources of flavour 
violation in addition to the Yukawa couplings. These new flavour violating parameters stem from the 
supersymmetry-breaking terms and their effects could easily exceed those of the CKM mechanism. In 
view of the success of the CKM description of flavour-changing transitions one may supplement the 
MSSM with the hypothesis of Minimal Flavour Violation (MFV), which can be formulated systemati- 
cally using symmetry arguments [10]. In the MFV-MSSM the only sources of flavour violation are the 
Yukawa couplings, just as in the Standard Model. In this section the MSSM is always understood to 
be supplemented with the assumption of MFV. While in MFV scenarios the contributions from virtual 
supersymmetric particles to FCNC processes are normally smaller than the Standard Model contribution, 
the situation is very different for Bq — > £~^£~ . 

The MSSM has two Higgs doublets. At tree-level the couplings are as in the two-Higgs-doublet 
model of type II, because the holomorphy of the superpotential forbids the coupling of Hu to down-type 
fermions and that of H^ to up-type fermions. At the one-loop level, however, the situation is different, 
and both doublets couple to all fermions. The loop-induced couplings are proportional to the product of 
a supersymmetry-breaking term and the fi parameter. If tan /3 is large, the loop-induced coupling of H* 
and the tree-level coupling of Hd give similar contributions to the masses of the down-type fermions, 
because the loop suppression is compensated by a factor of tan /3 [20]. In this scenario the Higgs sector 
is that of a general two-Higgs-doublet model, which involves FCNC Yukawa couplings of the heavy 
neutral Higgs bosons and H^ [25]. The Wilson coefficients Cs and Cp differ from those in Eq. (11341 ) 
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in two important aspects: they involve three rather than two powers of tan (3 and they depend on the 
mass M^o ~ Mj^o instead of the charged Higgs boson mass. The branching ratios scale as 



B{Bq t a jsUSY OC —4 

and could, in principle, exceed the Standard Model results in Eqs. (1127141321) by a factor of 10^ [27]. 
Thus the experimental upper limit on B{Bs — > from the Tevatron, which is larger than B{Bs — > 

Ai^/^ )sM in Eq. (11281) by a factor of 25, already severely cuts into the parameter space of the MSSM. 
B{Bs fJ-^fJ-^) in MSSM scenarios with large tan/3 has been studied extensively [27-30,519,552- 
554]. 

Very popular special cases of the MSSM are the minimal supergravity model (mSUGRA) [555- 
559] and the Constrained Minimal Supersymmetric Standard Model (CMSSM). While the MSSM con- 
tains more than 100 parameters, mSUGRA involves only 5 additional parameters and is therefore much 
more predictive. In particular correlations between B{Bs — > fi~^fJ.~) and other observables emerge, for 
example with the anomalous magnetic moment of the muon and the mass of the lightest neutral Higgs 
boson [554]. Other well-motivated variants of the MSSM incorporate the parameter constraints from 
grand unified theories (GUTs). B{Bs —>■ fi^fJ.^) is especially interesting in GUTs based on the symme- 
try group SO(IO) [554,562,563]. In the minimal SO(IO) GUT the top and bottom Yukawa couplings y^, 
and yt unify at a high scale implying that tan/3 is of order 50. While realistic SO(IO) models contain 
a non-minimal Higgs sector, any experimental information on the deviation of y^, / yt from 1 is very de- 
sirable, as it probes the Higgs sectors of GUT theories. In conjunction with other observables like the 
mass difference in the Bs - Bg system [30] or B{B^ — > r+z/,-) [31,32,564], which depend in different 
ways on tan (3 and the masses of the non-Standard Higgs bosons and the supersymmetric particles, the 
measurement of B{Bs — > fJ''^fJ'~) at the LHC will, within the MSSM, answer the question whether the 
top and bottom Yukawa couplings unify at high energies. 



3.4.1.3 Other very rare decays 

The decays Bq i^£^^ and Bg £~^£~£''^£'^ are of little interest from a theoretical point of view. 
First, they are difficult to calculate, since they involve photon couplings to quarks and are thereby 
sensitive to soft hadron dynamics. Second, they are not helicity-suppressed, because the (real or vir- 
tual) photon can recoil against a lepton pair in a J = 1 state. This implies that they probe operators 
of the effective Hamiltonian which can more easily be studied from Bg —^ X7 and B —>■ X£^£^ 
decays. However, the absence of a helicity suppression makes Bg £~^£~'y a possible threat to 
Bg £^£^ as will be discussed in the experimental sections. A naive estimate gives B{Bs 
/i+/x~7) ~ {m^^/m'j^) a/{4-K) B{Bs A*^/^^) B{Bs fx^fi^), while a more detailed analysis 
even finds ^ ^J-^^J-'-f) > B{Bs n+fi ) [296]. 

Lepton-flavour violating (LFV) decays Uke Bg — > £^fi^, £ = e, t, are negligibly small in the 
Standard Model. They are suppressed by two powers of niy/Mw, where my denotes the largest neu- 
trino mass. However, this suppression factor is absent in certain models of new physics. In supersym- 
metric theories with R parity (such as the MSSM) their branching ratios are smaller than those of the 
corresponding lepton-flavour conserving decay, e.g. Bg fJ-^fJ- - Large effects, however, are possible 
in models that contain LFV tree-level couplings or leptoquarks. Here supersymmetric theories without 
R parity and the Pati-Salam model should be mentioned. Supersymmetry without R parity involves a 
plethora of new couplings, which are different for all combinations of quark and lepton flavour involved, 
so that no other experimental constraints prevent large effects in Bg £^fi^. Flavour physics in the 
Pati-Salam model has been studied in [565]. 
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Table 21: Branching fraction upper limits @90% confidence level for Bg fi^iJ, from different experiments. 



Experiment 


Year 


T ■ '4. [1 n — 41 

Limit [10 J 


Process 


Reference 


DO 


2007 


75 


ppat 1.96 TeV 


[568] 


CDF 


2006 


80 


ppat 1.96 TeV 


[569,570] 


CDF 


2005 


150 


ppa.t 1.96 TeV 


[571] 


DO 


2005 


410 


ppat 1.96 TeV 


[572] 


CDF 


2004 


580 


ppat 1.96 TeV 


[573] 


CDF 


1998 


2,000 


ppat 1.8 TeV 


[574] 


L3 


1997 


38,000 


e+e- Z 


[575] 



Table 22: Branching fraction upper limits at 90% confidence level for Bd n from different experiments. 



Experiment 


Year 


Limit [IQ-'^] 


Process 


Ref 


CDF 


2006 


23 


ppdl 1.96 TeV 


[569,570] 


CDF 


2005 


39 


ppdl 1.96 TeV 


[571] 


BaBar 


2005 


83 


e+e- ^ T{AS) 


[566] 


CDF 


2004 


150 


pp&t 1.96 TeV 


[573] 


Belle 


2003 


160 


e+e- ^ T{4S) 


[576] 


CLEO 


2000 


610 


e+e- ^ T{AS) 


[577] 


DO 


1998 


40,000 


ppa.t 1.8 TeV 


[578] 


CDF 


1998 


680 


ppa.t 1.8 TeV 


[574] 


L3 


1997 


10,000 


e+e- ^ Z 


[575] 


UAl 


1991 


8,300 


pp at 630 GeV 


[579] 


ARGUS 


1987 


45,000 


e+e- ^ T(45) 


[580] 


CLEO 


1987 


77,000 


e+e- ^ T{4S) 


[581] 



3.4.2 Present experimental status of Bq — £'^i decays 

The experimental searches for Bg £^£^ have focused on Bs /U+/i- and B^ /U+Zi". For the 
e+e- final states, the branching fractions are suppressed with respect to B{B — > p'^ jjL^) by mg/m^ = 
2.3 X 10-^. The best hmit that has been set is B{B e+e') < 61 x IQ-^ @ 90% confidence level 
(CL) [566]. Though the branching fraction of the r+r- mode is enhanced by a factor of 212 with 
respect to that of the fi+fi' mode, the only experimental upper limit from BaBar is B^B^ — > r+r-) < 
4.1 X IQ-^ @ 90% CL [567]. This is less sensitive than the decay B fJ-^fJ-^- Due to at least two 
missing neutrinos in the decays of the two rs the reconstruction of this mode is rather difficult, since 
no kinematic constraint can be employed to eliminate backgrounds. At an e+e- super B factory the 
Bii — > r+r- mode may be observable by fully reconstructing one B meson in a hadronic mode and then 
searching for B^ t+t~ in the recoil system. 

Thus, B^ s ~^ /"^/" ^6 the most promising modes to test the Standard Model. Table |2T] sum- 
marizes the searches for Bg — > /i+/i- by different experiments in the past two decades. The 90% 
CL upper limits are shown in Figure |20] in comparison to the SM prediction. The lowest limit of 
B{Bs li^lJi^) < 93 X IQ-^ @ 95% CL is obtained by the DO experiment using about 2fb-^ of 
pp data [568]. Using 780 pb-^ of pp data CDF achieved a branching fraction upper limit of B{Bs —>■ 
/i+/x-) < 100 X 10-9 @ 95% CL [569,570]. The corresponding searches for B^ —>■ ^'^fi are summa- 
rized in Table |22l Here, the lowest hmit of B{Bd /i+/i-) < 30 x IQ-^ @ 95% CL is obtained by 
the CDF experiment using 780 pb-^ of pp data [569, 570]. The 90% CL upper limits are also shown in 
Figure[20]in comparison to the SM prediction. 

In the present CDF Bs /^^A* analysis, the background level is at about one event, while the 
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branching fraction upper limit @ 90% CL lies about a factor of 20 above the SM value. Thus, any analysis 
attempting to reach a sensitivity at the level of the SM prediction needs a significant improvement in 
background rejection. Scaling the present CDF result to a luminosity of 10 fb~^ yields branching fraction 
upper limits at 90% confidence level of 6.2 x 10~^ for Bg fJ-^fJ-^ and 1.8 x 10~^ for Bd /i 
A simple scaling of the BaBar result to 1 ab"^ yields B{Bd < 9 x 10~^ @ 90% CL. 



S 8 
E 

I— 

Q. 



i2 



L3 1997 



CDF 1998 
CDF 2004 
DO 2005 
CDF 2005 

CDF 2006 
DO 2007 

SM 



10"'' 10-^ 10-' 10^ 10-- 



10-' 



16 
14 



£.12 



i2 



10 
8 
6 
4 
2 



"'1 1 ' " 

=Cleo 1987 
1 Argus 1987 ■ 
I CIGO 1989 
UA1 1991 ■ 
Gleo 1994 
L3 1997 
DO 1998 
CDF 1998 ■ 
Gleo 2000 
Belle 2003 ■ 
CDF 2004 
BABAR 2005- 
CDF 2005 
CDF 2006 ■ 
SM 



10"''" lO"'' 10"" 10"' 10"'' 10"= 10"" 10"' 



Fig. 20: Compilation of 90% confidence level upper limits for B{Bs 
from different experiments in comparison to the SM prediction. 



/i+yit") (left) and B{Bd -> (right) 



3.4.3 LHC preparations for measurements of the very rare B decays 

Three LHC experiments, LHCb, ATLAS and CMS, are aiming for the measurement of very rare B 
decays. Differences in the detector layouts lead to different strategies in data-taking, triggers and the 
offline selections to maximize the gain of signal events. 

3.4.3.1 Luminosity conditions and triggers 

Whilst the nominal LHCb luminosity will be (2 — 5) x 10^^ cm^^s^^, the forward muon stations can 
identify muons with low values of transverse momenta, allowing the first level trigger (LO) to collect 
events with one or two muons with px values as low as l.lGeV/c [582]. Because the beauty cross 
section grows rapidly at small transverse momenta, the lower LHCb luminosity is compensated by higher 
6-production. ATLAS and CMS will start to collect the exclusive di-muon B decays at a luminosity of 
few times 10'^^ cm~^s~^ and will later continue at the nominal LHC luminosity of 10^^ cm~^s~^. Thus 
rare S-decays will be recorded at all LHC luminosities. However the central detector geometries will 
allow muons to be recorded only above pj- ~ (3 — 6) GeV/c at the first trigger level (LI) [583, 584]. 

First level triggers for the exclusive di-muon B decays in LHCb, ATLAS and CMS are summa- 
rized in Table [23] In LHCb the strategy relies on both the single muon trigger withp-j- > 1.1 GeV/c and 
di-muon trigger streams with SpT (/u/x) > 1.3GeV/c. ATLAS and CMS will collect the majority of 
their signal events at 2 x 10'^^ cm~^s~^ through the di-muon trigger with the muon transverse momentum 
thresholds 6 GeV/c and 3 GeV/c, respectively. Such triggers will result in output rates of about 700 Hz 
and 3500 Hz for ATLAS and CMS, respectively, and about 200 kHz for LHCb. 

The high level trigger (HLT) strategy is similar for all three experiments. First, one confirms the 
presence of trigger muon(s) by reconstructing tracks within the so called region of interest (Rol) around 
a muon candidate and by matching reconstructed tracks in the inner detector with tracks from the muon 

q3 



Table 23: L1(0) trigger px thresholds. The output trigger rates are given for a luminosity of 2 x 10'^^ cm 
(LHCb) and 2 x lO^^cm-^s-i (ATLAS/CMS). 



Experiment 


L1(0) momentum cut 


L1(0) Rate 


ATLAS 2/i 


PT if^) > 6.0GeV/c 


0.7 kHz 


CMS 2^ 


PT (/x) > 3.0GeV/c 


3.8 kHz 


LHCb l^l 


PT (^) > LlGeV/c 


110 kHz 


LHCb 2/i 


SpT > L3GeV/c 


145 kHz 



system. Further, cuts are applied to the muons requiring the pr values to be above 3 GeV / c for LHCb 
and above 4GeV/c and 6GeV/c for CMS and ATLAS, respectively. Then, primary and secondary 
vertices are reconstructed. Cuts on vertex quality ^ 20 and on the flight path of Bg candidates 
Lxy > 200 fim (ATLAS) and L^d > 150 fim (CMS) are applied. LHCb (single muon stream) uses an 
impact parameter cut > 3a jp and for the di-muon stream the secondary vertex quality cut < 

20. Finally, a cut on the invariant mass of the two muons is applied, 4GeV/c^ < M^^ < 6GeV/c^ 
(ATLAS), M^^ > 2.5 GeV/c^ (LHCb di-muon stream), or a mass window around the nominal Bg mass 
of ±150MeV/c2 (CMS). The HLT rate is less than 1.7 Hz for CMS and about 660 Hz for LHCb. A 
detailed description of trigger algorithms can be found in [582-584]. 

3.4.3.2 Offline performance and signal selection 

After the trigger the offline analysis faces the challenge of selecting a signal from backgrounds of similar 
topology. The most important offline performance parameters for the di-muon events in the kinematic 
ranges accepted by triggers are given in Table l24l The differences lead consequently to different selection 
strategies. 

Table 24: LHC detector performance parameters for B ji^ ^~ events in the kinematic ranges of trigger accep- 
tances. (Jim is the muon track impact parameter resolution, cta/^,, is the Bs fJ''^fJ'~ mass resolution. 



Experiment 


LHCb 


ATLAS 


CMS 


PT ^, GeV/c 


> 3 


> 6 


> 4 


aim, Atm 


14-26 


25 - 70 


30-50 


aM,,, MeY/c' 


18 


84 


36 



In ATLAS the reconstructed di-muon invariant mass M^^ is required to be within an interval of 
(— 70MeV/c^, +140 MeV/c^) around the Bs mass. The isolation cut in the ATLAS experiment requires 
no charged tracks with pT > 0.8 GeV/c in an angular cone 9 < 15° around the Bg candidate. For the 
reconstructed vertices the significance of the reconstructed flight path in the transverse plane defined as 
Lxy/(^L is required to be larger than 11 and the vertex reconstruction quality parameter < 15. The 
space separation between two muon candidates is AR = y^Ac/P^+Ar)^ < 0.9. Details of the study can 
be found in [585]. 

In CMS isolation is defined as 

Pt(S°) >o.85. (135) 



PT{B^)+Etrk\PT\ 



A value of T^trklPrl is calculated for all charged tracks in a cone with AR = 1 around the Bs candidate. 
For the muon separation the value of AR should be in the range (0.3, 1.2). The vertex cuts are the 
following: L^y/aL > 18 and < 1- The momentum of the Bs candidate should point to the primary 



vertex: cos a > 0.995, where a is the angle between the momentum of the Bg candidate and the vector 
connecting the primary and secondary vertices V^ec — y-prim- A tight mass cut is apphed: | M^^ — Mb^ \ < 
100 MeV/c^. Details of the study are given in [586]. 

In LHCb the selection is divided into several steps [587]. First the following soft selection cuts are 
apphed: \M^^ - M^J < GOOMeV/c^, vertex quality cut < 14, IP/ajp < 6 for the Bg candidate, 
secondary and primary vertex separation \Zsec — Zprim\/o'v > 0, pointing angle a < 0.1 rad, soft muon 
identification for both candidates (e^ =95% and =1%). Further on three categories of discriminant 
variables are introduced: Geometry (G; lifetime, Bg and fj, impact parameter, distance of closest approach 
(DOCA) and isolation), PID (particle identification) and IM (invariant mass). These variables are used 
to compute the S/B ratio event by event, while no further cuts are applied. Each event is weighted with 
its S/B ratio in the signal sensitivity calculation. Using this method it is expected to reconstruct about 70 
signal events per 2fb^^ [587]. If the previous method is combined with the requirement G > 0.7, with 
no background events left, this leads to an estimate of 20 signal events to be reconstructed in the same 
period as above. 

In Table [25] the number of signal events is shown for each experiment for different integrated 
luminosities. For ATLAS/CMS the number for 2 fb~^ is simply scaled from the one for 10 fb"^ In the 
same way the LHCb number for 10 fb^^ is obtained by scaling the number for 2fb~^. The CMS and 
ATLAS studies for 100 fb^^ were pubhshed in [588] and [589], respectively. In the CMS study harder 
selection criteria have been applied for high luminosity, hence the reconstruction efficiency for signal 
events is lower with respect to lower luminosity. 

Table 25: Number of signal events as a function of integrated luminosity. The time after which the corresponding 
luminosity will be delivered is indicated in parentheses. 



Experiment 


2fb-i 


lOfb-i 


30fb-i 


lOOfb-i 


130fb-i 


ATLAS 


1.4 


7.0 


21.0 


92 


113 (4 years) 


CMS 


1.2 


6.1 


18.3 


26 


44 (4 years) 


LHCb 


20 


100 (5 years) 









3. 4. 3. 3 Background studies 

The search for Bg —>■ fJ-^fJ-^ has to deal with the problem of an enormous level of background. 

The largest contribution is expected to come from combinatorial background. These events consist 
predominantly of beauty decays, where the di-muon candidates originate either from semileptonic decays 
of b and b quarks or from cascade decays of one of the bb quarks. To determine the contribution of 
this background LHCb simulated a sample of inclusive bb events, requiring that both 6-quarks have 
\0\ < 400 mrad, to match, on the safe side, the LHCb acceptance of 300 mrad. Nevertheless, the sample 
of 34 million events corresponds to only 0. 16 pb^^. The study of this sample, however, showed that in the 
sensitive region of phase space, the relevant background contains two real muons from 6-decays. Hence, 
a specific sample of 8 million events was generated, corresponding to an effective luminosity of 30pb~^, 
where for both 6-hadron decays a muon is required among the decay products. LHCb uses this sample 
to evaluate the background and extiapolates the result to a given integrated luminosity, for instance, 2 
fb~^. In the sensitive region (G > 0.7) [587], no background event was selected, hence an upper limit 
of 125 events is estimated at 90% CL. ATLAS simulated bb events with two muons, requiring to have 
transverse momenta pr > Q (4) GeV/c for the first (second) muon. In CMS the cut for both muons was 
Pt > 3GeV/c. The pseudorapidity of each of the muons was required to be in the range |?7| < 2.4 
in agreement with the trigger acceptances. Additionally the di-muon mass was required to be in the 
interval M^^ < SGeV/c^ and SGeV/c^ < M^^ < GGeV/c^ in ATLAS and CMS, respectively. The 
number of background events generated with these cuts corresponds to 10 (8) pb^^ for ATLAS (CMS). 
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Both experiments evaluated the background using these samples, and extrapolated the results to a given 
integrated luminosity. At 10 fb"^ ATLAS expects 20±12 events [590] and CMS 14±f| events [586]. 

Due to the high sensitivity of the LHC experiments, the background composition may be changed 
relative to the situation at the Tevatron. In addition to combinatorial background, contributions from 
topologically similar rare exclusive decays as well as misidentification effects may become important. 
We give a classification of the different types of these potential backgrounds and several estimates of 
their contribution. 

First, let us consider the very rare decays B^^ —>■ {tt^^ , ^) jj.'^ fi'^ with branching ratios expected to 
be 2 X 10^*^ [296]. A background contribution may arise when the 7r/7 is soft and escapes detection. 
The di-muon invariant mass distribution has been modeled in ATLAS and CMS for cases when a vr^ 
is not reconstructed in the inner tracker, or a 7r'^(7) with < (2 — 4) GeV escapes detection in the 
electromagnetic calorimeter. Based on a full detector simulation CMS concluded that neither of the 
processes —>■ 7/x+^^, B^ —>■ 7r^/i+/_i^ or B^ —>■ -K^fi^fi" will contribute significantly in the 
signal region. ATLAS reached similar conclusions for the first two processes, while they plan to do 
a detailed study for the third decay. These very rare decay channels are worth studying in their own 
right, since some properties (for example the di-muon invariant mass spectrum) are also sensitive to NP 
contributions [296]. 

Decays into four leptons, such as B'^^^ — > fi'^fi~i^V£, are another possible background source to 

Bs fJ-^f^ - If the pt of one of the leptons is below the detector reconstruction capabilities, then there 
are only two tracks observed from the i?-meson vertex and the invariant mass of the di-lepton pair can 
be close to the B^^s mass. The expected branching fractions of these decays are 5 x 10"^ and 8 x 10"^ 
for B+ and B+, respectively [591]. Using the fast simulation tool (ATLFAST), ATLAS showed that the 
number of background events from B~^ — > fi'^ fi'^ u can be as high as 50 % of the accepted signal 
events from Bg fJ-^fJ-^ with a SM rate. In CMS the analysis showed that the contribution from this 
source is negligible. The difference is due to different mass resolutions of ATLAS and CMS. LHCb 
simulated a resonant mode of the four-lepton channel B'^^^ —>■ ( J/V' —>■ /^^/^^ )/^'^ in which two muons 
are coming from J/t(j. The study led to the conclusion that the background from this channel in the mass 
region ±60MeV/c2 around the Bs mass is less than 10% of a Bs ^^/U signal within the SM. 

The last category considered are backgrounds from B decay channels where secondary hadrons 
are misidentified as muons. The simplest backgrounds come from the two-body hadronic decays Bd^s 
K^TT^, Bd^s K^K^ and B^^s tt^tt^ . The background contribution can be estimated by assigning 
to each of the final-state hadrons a probability that it would be registered as a muon. This probability 
was obtained from full detector simulations of large samples of beauty events. Such a study has been 
performed at LHCb, resulting in ~ 2 events per 2fb^^ (in a ±20" mass window). CMS concluded 
that these backgrounds are negligible. ATLAS studies are in progress. Fake signal events can also be 
generated by semileptonic B decays such as B^ —>■ -k' ^'^v^ which have a branching ratio ^ 10^"^. As 
in the previous case, background can arise from vr — /i misidentification and a soft neutrino escaping an 
indirect identification. Similar channels to be accounted for are Bs —>■ K~ ^'^v^ and B^ — > ix~ . 

3.4.3.4 LHC reach for Bs ^ fJ-^fJ.^ 

The results of the signal and background studies described in the previous sections were finally used to 
estimate upper limits on the branching ratio of Bg —>■ fJ-^fJ-^, which are shown in Figures |2T] and l22l 
ATLAS and CMS used the algorithms of [164], while LHCb developed the new approach published 
in [587]. In all cases the results were given at 90% confidence level as a function of integrated luminosity. 
The theory prediction for B{Bs /t^^^^) shown in Figures |2T] and [22] uses the value of /b^ = (230 ± 
9) MeV extracted from the CDF measurement of AMb^ = 17.8 it 0.1 ps~^. The prediction therefore 
assumes that new physics neither affects Bg —>■ IJ-^IJ'~ nor AMb^. Note that the above value for fs^ is 
also consistent with direct QCD lattice calculations (see section 12141 ). 
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Fig. 21: Branching ratio of Bg — > /i^/i observed (3(t) or discovered {5a) as a function of integrated luminosity 
for ATLAS/CMS. 
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Fig. 22: Branching ratio of i?s fi'^fi observed (3a) or discovered (Sa) as a function of integrated luminosity 
for LHCb. 



After one year of LHC the expected results from LHCb will allow to exclude or discover NP in 
Bs ATLAS and CMS will reach this sensitivity after three years. After LHC achieves its 

nominal luminosity, the ATLAS and CMS statistics will increase substantially. After five years all three 
experiments will be in a position to provide a measurement of the branching ratio of Bs —>■ /i^/i^- 



3.4.4 Conclusions 

The very rare decays Bq —>■ fi'^iJL~ are special in many respects. Their branching ratios are small in the 
Standard Model, but can be enhanced significantly in the widely studied Minimal Supersymmetric Stan- 



dard Model (MSSM). Leptonic meson decays belong to the physics topics that can be experimentally 
studied by three of the four major LHC experiments, namely LHCb, ATLAS and CMS. The LHC exper- 
iments will probe the branching fraction of Bg down to the Standard Model value and possibly 
reveal a smoking gun signal of new physics well ahead of the direct searches using high-pT physics. Irre- 
spectively of whether B{Bs At"*"/^") is found in agreement with the Standard Model prediction or not, 
the measurement will severely constrain the Higgs sector of the MSSM and will provide valuable input 
for LHC Higgs physics: any sizable enhancement of B{Bs implies a large value of tan/3, so 
that the non-standard Higgs bosons couple strongly to ^-quarks and r-leptons. Then these Higgs bosons 
will be dominantly produced in association with 6-jets and will decay dominantly into 6-hadrons and 
T-leptons. 
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3.5 UT angles from tree decays 

3.5.1 Introduction 

It is very fortunate that the B system allows an almost pristine determination of all the three angles from 
"tree" decays. from J/tpKs-like. modes and 7(03) from DK-type modes are genuine tree decays 

and are theoretically very clean. The irreducible theory error (ITE) for (3 is expected to be less than 1% 
and may be even considerably less than that [592].^" On 7 the ITE is estimated at 0(0.1%). For a(02) 
the situation with regard to theory error is a bit more complicated. Isospin analysis allows, in principle, 
extraction of a((/>2) from tttt, pir, or pp, but electroweak penguin contributions (EWP) do not respect 
isospin. So, in each of the three channels the EWP contributions and other isospin violations are difficult 
to ascertain rigourously. But given that there are three channels it seems reasonable that the theory error 
even for a will be small, 0(few%) (see, e.g., [594]). Given that we now have theoretical methods that 
will allow us to quite precisely determine all the three angles, which are fundamental parameters of 
the SM, it is clearly important to determine them with accuracy roughly commensurate with what the 
theoretical methods promise. In this brief report we will summarize the current status as to our attempts 
to extract these three angles directly from data collected primarily through the spectacular successes of 
the two asymmetric B factories, followed by our guess estimates for the potential of a Super B factory 
(SBF) with regard to this goal. Of course, LHCb will soon begin operation, and our expectations for the 
precisions on tree-level angle determinations from LHCb are also presented. 

3.5.2 Angles from B factories of today & of tomorrow 

3.5.2.1 (3{(j)i) 

Measurements of CP asymmetries in the proper-time distribution of neutral B decays to CP eigenstates 
mediated by 6 — > ccs transition provide a direct measurement of sin 2/? (= sin 2(pi). The time-dependent 
decay-rate asymmetry for decays to CP eigenstates containing a charmonium and a Kg meson is given 
by 

Acp(t) = Sb-,ccs sm{Amdt) - Cb^ccs cos(Amdt). (136) 

where Amd is the mass difference between the two B^ mass eigenstates. Since these decays are 
dominated by a single (tree level) amplitude one expects to a very good approximation Sb^ccs = 
—rjcp sin 2/3 and Cb-^ccs = where rjcp is the CP eigenvalue of the final state. 

In 2001, both BaBar and Belle collaborations established CP violation in the B system through 
the sin 2/3 measurements in 6 — > ccs decays [595, 596]. 

In the latest results, the BaBar collaboration [597], using a 348 million BB events, includes the 
CP-odd {ricp = -1) final states J/ijK% ip{2S)K^, XciK'^s ^nd VcKs well as the CP-even (r/cp = 
+1) J/ipK^ final state. In addition, the vector- vector final state J/ipK* with K* — > K^tt^, which is 
found from an angular analysis to have r]cp close to +1 [599], is used. The Belle collaboration [598] 
uses a sample of 535 million BB events where only J/ipKg and J/ipKj^ {golden modes) are analysed. 
The results for —rjcpSb^ccs and Cb^ccs are given in Table|26]and in Fig.|23]and are at the 5% level for 
each collaboration. 

The world average computed by the Heavy Flavor Averaging Group (HFAG) [493] includes also 
the results obtained by the ALEPH, OPAL and CDF experiments and is 

sin 2/3 = 0.675 ±0.026 (137) 

where most of the systematic uncertainties have been treated as uncorrected. This result suggests that on 
the time scale of 2008, when an integrated luminosity of order of 2 fb^^ is expected from the B factories, 
the total uncertainty on sin 2(3 will be around 0.02. 

'"For a more conservative (but data driven) estimate see, e.g., ref. [593]. 

"The same processes can be described by a penguin diagram which brings corrections at order ~ A*. 



Table 26: Results for the CP-violating parameters in the b ccs decays: Sb^ccs and Cb^ccs- The B factory 
averages are given after ICHEP 2006 as calculated by HFAG [493]. The final world averages include also the 
results from ALEPH, OPAL and CDF (which use only the J/4>K^ final state). 



Experiment 




—VCP Shades 




BaBar 


[597] 


0.710 ±0.034 ±0.019 


0.070 ±0.028 ±0.018 


Belle 


[598] 


0.642 ±0.031 ±0.017 


-0.018 ±0.021 ±0.014 


B factory average 




0.674 ± 0.026 


0.012 ± 0.022 


Confidence level 




0.18 


0.02 


Average 




0.675 ±0.026 


0.012 ±0.022 




Fig. 23: (Left) World average of measurements of Sb-iccs as calculated by HFAG [493]. (Right) Constraints on 
the (p, ?7) plane, obtained from the average of —rjcpSb^cZs and Eg. 1 1371 

The actual sin 2(3 result gives a precise constraint on the (p, rf) plane, as shown in Fig. |23]and can 
be compared with the expected value obtained with other constraints from CP conserving quantities, 
and with CP violation in the kaon system, in the form of the parameter ex- Such comparisons have 
been performed by phenomenological groups: for example, the result from the global UT fit without the 
measurement of sin 2/3 is obtained by CKMfitter [8] to be 0.823+o;og5 or by UTfit [209] to be 0.759 ± 
0.037. It is clear that the increased precision in the sin 2/3 measurement is now revealing some tension 
with the rest of the fit. This is mainly due to the actual Vuh value, and in particular to the inclusive one, 
strikingly in countertendency with respect to the relatively low value of sin 2/3 [120]. 

With sin 2/3 being now a precision measurement, other analyses are being performed in order to 
remove the two-fold ambiguity unavoidable with a sine determination. 

Considering the B meson decays to the vector- vector final state Jt/jK*^, in the case of a final state 
not flavour-specific (K*^ —>■ Kgir^), a time-dependent transversity analysis can be performed allowing 
sensitivity to both sin 2/3 and cos 2/3 [600]. Such analyses have been performed by both B factory 
experiments: from Table [27] we can remark that at present the results are dominated by large and non- 
Gaussian statistical errors, but nevertheless it can be said that cos 2/3 > is preferred by the experimental 
data in JtpK*. 

Finally, decays of B mesons to final states such as Dtt'^ are governed by 6 — > cud transitions. If 
the final state is a CP eigenstate, i.e. Dcptt^, the usual time-dependence formulae are recovered, with 
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Table 27: Results from the B factories together with the HFAG averages [493] from the B° — > JtpK*^ and the 
D''*^h° analyses. 







sin 2/3 


cos 2/3 


BaBar 


[602] 


-0.10 ±0.57 ±0.14 


3.32 1^;^^ ±0.27 


Belle 


[603] 


-0.24 ±0.31 ±0.05 


0.56 ±0.79 ±0.11 


Average 




0.16 ±0.28 


1.64 ±0.62 






sin 2^ 


cos 2/3 


BaBar 


[604] 


0.45 ± 0.36 ± 0.05 ± 0.07 


0.54 ±0.54 ±0.08 ±0.18 


Belle 


[605] 


0.78 ±0.44 ±0.22 


1 87+0.40+0.22 
-0.53-0.32 


Average 




0.57 ±0.30 


1.16 ±0.42 



the sine coefficient sensitive to sin 2/3. Since there is no penguin contribution to these decays, there is 
even less associated theoretical uncertainty than for b —>■ ccs decays like B Jif^K^. When multi- 
body D decays, such as ^ i^^^vr+vr^, are used, a time-dependent analysis of the Dalitz plot of the 
neutral D decay allows a direct determination of the weak phase: 2/3 [601]. Such analyses have been 
performed by both S-factory experiments. The decays B —>■ Dtt^, B —>■ Dt], B —>■ Duj, B —>■ D*it^ and 
B — > D*ri are used. The daughter decays are D* — > Dt:^ and D K^-k^tt^ . The results are shown in 
Table l27l Again, it is clear that the data prefer cos 2/3 > 0. Taken in conjunction with the JifjK* results, 
cos 2/? < can be considered to be ruled out at approximately 2.3(T [209]. Time-dependent analysis of 
the decay B D*+D*^K^ also prefers cos 2/3 > 0. 



3.5.2.2 a{(j)2) 

The CKM unitarity angle a(= cj)2), defined as a = arg — y"'yl' , is a measure of the relative phase 

L ud ub J 

of the CKM elements Vub and Vtd in the usual parameterization of the CKM unitarity matrix. Most of 
the experimental information on a is extracted from measurements of the charmless decays B in:, 
B ^ piT and B — > pp, which can arise from the tree-level transition b uiud), carrying the CKM 
element Vuh (left diagram in Fig. l24l ). In a simple world, where a decay mode such as i3 ^ vr+vr^ 
is dominated by a single tree diagram, one needs only to measure the time-dependent CP asymmetry 
^TTTT = sin 2a. However, a complication to this picture arises from the presence of loop (penguin) pro- 
cesses (right diagram in Fig. l24)) . involving different CKM matrix elements, but leading to the same final 
states. The interference of the two diagrams then obscures the connection between the CP observables 
and the angle a, requiring a "tree and penguin disentanglement" strategy in the experimental program. 
This involves a larger set of experimental observables for the determination of the angle a that includes 
the time-dependent CP asymmetries Sf and C/ in B^ decays, and the branching fractions and direct 
CP asymmetries in both neutral and charged B decays. The net effect of the penguin amplitude is to 
introduce the possibility of direct CP violation (C/ / 0) and a nonzero value of Aa-^ = — a, where 

is determined from the relation Sf = ^1 — C| sin 2q;{^. For the B ^ tttt decays, the penguin cor- 
rection Aa'"'^ can be determined from an isospin analysis [244] of the decay amplitudes of the B tttt 
and B ^ TTTT decays. (See Fig. |25]) A key element of this analysis is the branching fraction for the de- 
cay B TT^TT^, which is an indicator of the size of the penguin effects and consequently of the penguin 

correction Aa'^'^, which is bounded [606] by sin^ Aa'^'^ < ^I^^±Z^'^±t^o) ■ Ref- [211] proposes to add 
information on the hadronic amplitudes to the isospin analysis, for example by using the branching ratio 
of Bs — > K^K~ to constraint the penguin contribution (even allowing SU(3) breaking effects as large 
as 100%). This would help constraining the value of a, in particular eliminating the solutions at a ~ 0. 

A system analogous to that of the 5 ^ tttt decays is the family of the B ^ pp decays (S° 




Fig. 24: The tree (left) and penguin (right) diagrams contributing to "charmless" B decays such as B ^ tttt, 
B pp and B pn. 



p^p^, P^P^^ P^P^ )■ While in general the B^ pp decays can be a mixture of CP-even 

and CP-odd components, the angular analysis of the decay B^ —>■ p^p^ (and also B~^ — > p'^p^) has 
shown that the CP-even component (longitudinal polarization) is dominant, hence significantly simplify- 
ing the time-dependent CP analysis of the process [607,608]. As in the case of B ^ tttt, time-dependent 
CP asymmetries S^^ and C^^ are used to determine a^^. The branching ratio for B^ 



pp 

to B —>^ p^p^ and B —>■ p^p^' sets the scale of the penguin correction Aa^'' 
determined from an isospin analysis of the decay amplitudes. 

Decay mode BR(xlO^) 



pp 
P^p' 



a 



Sf Cf (or Acp for B+) 



pp 

eff 



p^p^ relative 
a, which can be 



B^- 




5.2 ±0.2 


-0.59 ±0.09 


-0.39 ±0.07 


B+ - 




5.7 ±0.4 




0.04 ±0.05 


B^- 




1.3 ±0.2 






B^- 


^ P^P' 


23.ll|^ 










[/l = 0.968 ± 0.023] 


-0.13 ±0.19 


-0.06 ±0.14 


B+- 


-.p+p^ 


18.2 ±3.0 




-0.08 ±0.10 "" 


B^- 


-^p^p'' 


1.16 ±0.46 
Ul = 0.86;0-}2] 








Fig. 25: Table: Summary of measured decay properties of the _B — > tttt and B ^ pp decays that are relevant to 
the determination of the CKM unitarity angle a. We quote here the averages updated after ICHEP 2006 as given 
by HFAG [493] with a total of 882 million B'B pairs from BaBar (347 million events [609]) and Belle (535 miUion 
events [610]) experiments. Figure: Isospin triangles for the B ^ tttt system. 



In Table |25] we present the current status of measurements used in the determination of a in the 
B ^ TTTT and B ^ pp systems [493]. Nearly all components of the isospin analysis in the B —>■ tttt 
system are now measured, albeit with varying degrees of precision. Also the current measurements allow 
for the isospin triangles to close in both systems 

The fact that the branching fraction for the decay B —>■ vr'^vr" is of the same order as the branching 
fractions for B^ — > vr+vr'^ and B^ —>■ tt+tt" is indicative of significant contributions from penguin 
amplitudes in this channel. Currently the B — > p^p^ search is giving the first evidence of a signal 
(BaBar reporting a 3a effect [61 1]) and thus a very preliminary measurement of the rate. Still, the major 
advantage of the B ^ pp system over the tttt one is clearly evident from the suppression of S — > p^p^ 
relative to i? — > p'^p~ and B p^P^ decays, implying a much smaller Aa correction and smaller 
related uncertainties from this source. The current Aa correction upper limits are Aa^jr < 41° at 90% 
C.L. from BaBar and Aapp < 21° at 90% C.L. from BaBar. 

One other advantage of the pp system is that, in contrast to tt^tt'^, a time dependent CP-asymmetry 
analysis of the p^p^ final state will be possible as soon as enough statistics are available. This feature will 

''This was not the case for the B ^ pp system with the pre-2006 measurements. 
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Table 28: Summary of measured CP-asymmetry parameters of the p-K system following the convention used 
in [615]. We quote here the averages updated after ICHEP 2006 as given by the HFAG [493] with a total of 796 
million BB pairs from BaBar (347 million events [613]) and Belle (449 million events [614]) experiments. 





p±7rT 


Q2B/Dalitz plot analysis 




0.03 ±0.09 


C 

0.03 ±0.07 


-0.02 ±0.10 0.36 ±0.07 


-0.13 ±0.03 




0.11 ±0.06 


-0.19 ±0.13 





allow both S and C to be accessed. From a feasibility study we can foresee for the 2 ab~ scenario 
an error of 0.3 on S^*^ and 0.25 on C^^. This information will greatly help in reducing the ambiguities in 
the a extraction from this system. 

The B ^ piT system presents a special case with the possibility of additional handles: the final 
states p+vr" and p~Ti^, which can be reached by both and B^, have substantial overlap in the Dalitz 
plot; thus their amplitudes interfere and generate additional dependence on a and the strong phases of the 
final states. Quinn and Snyder [612] have shown that the interference effect can be exploited to extract 
the angle a even in the presence of penguins. This involves the amplitude analysis of the 37r Dalitz 
distribution. 

The p^TT^ final states are not CP eigenstates, and four flavour-charge configurations {B^{B^) — > 
p^ir^) must be considered. Both experiments assume that the amplitudes corresponding to these final 
states are dominated by the three resonances p~ and p^. The p resonances are assumed to be the 
sum of the ground state p{770) and the radial excitations p(1450) and p(1700). Possible contributions 
to the B^ vr+TT^vr'^ decay other than the p's are studied as part of the systematic uncertainties. The 
time-dependent analyses use a general parameterization that allows to describe the differential decay 
width as a linear combination of independent functions, whose coefficients are the 26 free parameters of 
the fit. 

From the bilinear coefficients, both experiments extract the quasi-two-body (Q2B) parameters. 
Considering only the charged bands in the Dalitz plot, the Q2B analysis involves 5 different parameters 
Spw, Cpw, '^SpTT, ACpTT and Afjp. The first two parameterize mixing-induced CP violation related to the 
angle a and flavour-dependent direct CP violation, respectively. The second two are insensitive to CP 
violation: ASp-n- is related to the strong-phase difference between the amplitudes contributing to B^ —>■ 
pn decays, and ACpj^ describes the asymmetry between the rates r{B^ —>■ p^vr") ± T{B^ —>■ p^vr+) 
and r{B^ — > p^vr+) ± T{B^ —>■ p+vr^). Finally, A^p is the time-independent charge asymmetry. CP 
symmetry is violated if either one of the following conditions is true: A(^p / 0, Cpj^ 7^ or Spj^ / 0. 
The first two correspond to CP violation in the decay, while the last condition is CP violation in the 
interference of decay amplitudes with and without B^ mixing. In Table l28l we report the HFAG averages 
of the Q2B parameters provided by the experiments, which should be equivalent to determining average 
values directly from the averaged bilinear coefficients. One can transform the experimentally motivated 
CP parameters A'^p and Cp,r into the direct CP violation parameters A'^^^ and ApJ' defined in [615]. 
Ap^ (-^ptT) describes CP violation in B^ decays where the p is emitted (not emitted) by the spectator 
interaction. Both experiments obtain values for ApJ~ and A'^~ which are averaged in the Table l28l In 
addition to the B^ — > p^vr^ Q2B contributions to the tt~^tt~tt^ final state, there can also be a i?*^ ^ p'^vr'^ 
component. Belle and BaBar have extracted the Q2B parameters associated with this intermediate state 
which average to: SpO^o = 0.30 ± 0.38 and CpO^o = 0.12 ± 38 (HFAG Summer 2007). 

In Fig.[26l the plots of the averages and the separate results on the various CP- violating parameters 
"See for details Refs. [613], [614] and [493]. 
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Fig. 26: The experimental results on the CP asymmetry parameters in the tttt (left), pp (center) and pn (right) 
systems, as summarized by HFAG [493]. 



are shown: it can be seen that the two collaborations, BaBar and Belle, are still discrepant at the level of 
2a (l.Scr) in the B — > vr+vr^ {B — > p^-K^) system. In the pp system, though, some updates to the entire 
currently available statistics are still missing. 

We can get an estimate of the current experimental value of a putting together all the analyses in 
all the modes. The results on the Standard Model (SM) solution from the two fitting groups are: (92 it 7) ° 
for the bayesian approach [209] and (93]!^g^)° for the frequentist approach [8]. From the same analyses 
we can also extract the SM a values using the UT fit constraints and without using the a information: 
(93 ±6)° for the bayesian approach and (98l'^^g )° for the frequentist one. We can remark how the current 
values are in very good agreement with the expected SM values. 

3.5.2.3 7(<^3) 

Measurement of 7 from B decays to open charm 

The possibility of observing direct CP violation in B ^ DK decays was first discussed by I.Bigi, 
A.Carter and A.Sanda [616,617]. Since then, various methods to measure the weak angle 7 (= cji'i) using 
B —>■ DK decays have been proposed. All these methods are based on two key observations: neutral 
and mesons can decay to a common final state, and the decay B^ —>■ DK^ can produce neutral D 
mesons of both flavours via h —>■ cus and b —>■ ucs transitions (Fig. [27] ). with a relative phase 0+ between 
interfering amplitudes that is the sum, (5b + 7, of strong and weak interaction phases. For the decay, 
B^ DK~, the relative phase is 9- = Sb — 7, so both 6b and 7 can be extracted from measurements 
of such charge conjugate B decay modes. The feasibility of the 7 measurement crucially depends on the 
size of rs, the ratio of the B decay amplitudes involved (r^ = \A{B+ DK+)\/\A{B+ DK+)\). 
The value of is given by the ratio of the CKM matrix elements and the colour 

suppression factor, and is estimated to be in the range 0.1-0.2 [618]. These methods are theoretically 
clean because the main contributions come from tree-level diagrams (Fig. |27]) Various methods have 
been proposed to exploit this strategy using different combinations of final states. These approaches 
include using the branching ratios of decays to CP eigenstates (GLW method [621-623]) or using doubly 
Cabibbo suppressed D modes (ADS method [624]). A Dalitz plot analysis of a three-body final state of 
the D meson allows one to obtain all the information required for the determination of 7 in a single decay 
mode [625-627]. Three-body final states such as K^vr+vr^ [626,627] have been suggested as promising 
modes and give today the best estimate of the angle 7. 

''*D-D mixing is neglected in the current analyses. This effect can be included though [619] and is shown to be very small 
within the SM [620]. 
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Fig. 27: Feynman diagram of the B+ D'^K+ and B+ D"K+ decays. 
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Fig. 28: Rcp± and Acp± averages obtained by the B factories [386]. 



In the GLW method, the D is reconstructed through its decay to CP eigenstates. The experimental 
observables are the ratio of charge averaged partial rates, Rcp± , and the charge asymmetry, Acp^^ which 
are related to the model parameters through the relations Rcp± = 1 it cos 6b cos 7 and Acp± = 
±2rB sin 6b sin J / Rcp±- CPj^ refers to the CP-even final states, tt+tt" and K'^K", and CP- refers 
to the CP-odd final states, K^tt^, K'^cp, K^uj... Results are available from both BaBar and Belle in the 
decay modes DK^.B^ D*K^ and B^ DK*^ (Fig. ES). The errors for Rcp± and 

Acp± are typically 10% for the most promising mode, B^ DK^. A 3o" significance for the charge 
asymmetry of the B —>■ DK mode seems to be within reach in the near future, when 1 ab^^ of data will 
be collected by each experiment. For the ADS method, using a suppressed D —>^ f decay (D^ —>■ K^tt^, 
K^p^, K*'ir^...), the measured quantities are the partial rate asymmetry, Aj^ds, and the charge averaged 
rate, Rads = ^{B~ [f]£)K^)/r{B~ — > [f]£)K~). Rads is related to the physical parameters by 
the expression r'^ + rj^ + '^VBro cos{6b + 6d) cos 7. The overall effective branching ratio is expected 
to be small (~ 10^^), but the two interfering diagrams are of the same order of magnitude and large 
asymmetries are therefore expected. The method has four unknowns: 7, vb, 6b + 6d and the amplitude 
ratio vb). However, the value of r/j can be measured using decays of D mesons of known flavour. If one 
wants to use the ADS method alone, two modes need to be used. Of course, one can also combine one 
ADS mode (as an example) with one GLW CP eigenstate. No significant signal has been yet observed 
for the ADS modes at the B factories so only Rads has been measured so far for the D^*^K^*^ modes 
(Fig.[29l). These measurements will bring soon valuable constraints on r^. 

In the Dalitz method, and mesons decay into the same final state Kgir^ir^ [626, 627] (or 
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Fig. 29: Rads averages obtained by the B factories [386]. 

K^TT^TT^ [625]). Assuming no CP asymmetry in neutral D decays, the amplitude of decay as a function 
of Dalitzplot variables = rnj^g^^ and = rn?f^Q^_ is M± = /(m^, m^)+rse^*'''+*'^^/(m^, m^), 

where f{m\, m?_) is the amplitude of the K^-n^i:^ decay. The method has a second ambiguous 

solution: (7 + 180°, (5b + 180°), since this transformation does not change the sum or difference of 
phases that are actually measured. 

Results from the two B factories Belle and BaBar are available. The Belle collaboration uses a data 
sample of 386 x 10*^ pairs [628] where the reconstructed states are -B+ DK+, B+ D*K+ 
with D* Dtt^ and B+ DK*+ with K*+ K'^tt+. Analysis by the BaBar collaboration [629] is 
based on 347 x 10^ pairs using B+ DK+ and B+ D*K+ with two D* channels: D* Dtt^ 
and D* — > (the previous BaBar [630] publication includes also the i?+ —>■ DK*^ channel but this 
mode is not included in the recent update). The number of reconstructed signal events in the Belle's 
data are 331 ± 23, 81 ± 11 and 54 ± 8 for the B+ DK+, B+ D*K+ and B+ DK*+ 
channels, respectively. BaBar finds 398 ± 23, 97 it 13 and 93 ± 12 signal events in the -B+ —>■ DK^ , 
B^ — > D*[DiT^\K^ and B^ D*[D^]K^ channels respectively. The amplitude / is parametrized 
as a coherent sum of two-body decay amplitudes (16 for BaBar, 18 for Belle) plus a non-resonant decay 
amplitude and is determined directly in data from a large and clean sample of flavour-tagged decays 
produced in continuum e+e^ annihilation. For example. Belle includes five Cabibbo- allowed ampli- 
tudes: K*(892)+7r-, i^*(1410)+7r-, A'*(1430)+7r-, ir2*(1430)+7r- and ii:*(1680)+7r-, their dou- 
bly Cabibbo-suppressed partners, and eight channels with a JC^ and a tttt resonance: p, co, /o(980), 
72(1270), /o(1370), p(1450), o"! and o"2 . The parameters of the a resonances obtained in the fit are 
Ma, = 519 ± 6 MeV/c^, T^, = 454 ± 12 MeV/c^, M^^ = 1050 ± 8 MeV/c^ and T^^ = 101 ± 7 
MeV/c^ (the errors are statistical only), while the parameters of the other resonances are taken to be the 
same as in the CLEO analysis [631]. The agreement between the data and the fit result is satisfactory for 
the purpose of measuring 7 and the discrepancy is taken into account in the model uncertainty. 

Once / is determined, a fit to B^ data is performed to obtain the Cartesian parameters, x± = 
r± cos(±7 + 6b) and y± = r± sin(ib7 -f- 6b), which have the advantage to be Gaussian-distributed, 
uncorrected and unbiased (r^ is positive definite and hence exhibits a fit bias toward larger values when 
its central value is in the vicinity of zero) and simplify the averaging of the various measurements. 
Figure |30] shows the results of the separate B^ and B^ data fits for B —>■ DK, D*K and DK* modes 
in the x — y plane for the BaBar and Belle collaborations. Confidence intervals were then calculated 
by each experiment using a frequentist technique (the so-called Neyman ordering in the BaBar case, the 



Feldman and Cousins ordering [632] in the Belle case). The central values for the parameters 7, and 
6b from the combined fit (using the {x±,y±) obtained for all modes) with their one standard deviation 
intervals are presented in Table |29] Note that there are large correlations between the fit parameters 7 
and rs- With the available data the statistical error on 7 increases with decreasing and thus it depends 
strongly on the central value of as determined by the fit. The uncertainties in the model used to 




Fig. 30: Results of signal fits with free parameters x± — rcos9± and y± — rsm9± for DK^, D*K^ 

and DK*^ modes from the BaBar and Belle latest publications [628,629]. The contours indicate one standard 
deviation. 

parametrize the —>■ Kg7r~^Tr~ decay amplitude lead to an associated systematic error in the fit result. 
These uncertainties arise from the fact that there is no unique choice for the set of quasi-2-body channels 
in the decay, as well as the various possible parameterizations of certain components, such as the non- 
resonant amplitude. To evaluate this uncertainty several alternative models have been used to fit the data. 



Table 29: Results of the combination of B+ DK+, B+ D*K+, and B+ DK*+ modes for BaBar and 
Belle analyzes. The first error is statistical, the second is systematic and the third one is the model error. In the 
case of BaBar, one standard deviation constraint is given for the tb values. 



Parameter BaBar Belle 



7 


(92 ±41 ± 11 ± 12)° 


{53tll ± 3 ± 9)° 


VBiDK) 


< 0.140 


0.159t|5:o5o ± 0.012 ± 0.049 


6b{DK) 


(118 ± 63 ± 19 ± 36)° 


(1461^^ ± 3 ± 23)° 


rB{D*K) 


0.017-0.203 


0.175to^ll ± 0.013 ± 0.049 


6b{D*K) 


(-62 ± 59 ± 18 ± 10)° 


(3021^4 ±Q± 23)° 


VBiDK*) 




O.BMtoilt ± 0.041 ± 0.084 


Sb{DK*) 




(243+23 ± 3 ± 49)° 



Despite similar statistical errors being obtained for {x±,y±) in both experiments, the resulting 
7 error is much smaller in Belle's analysis. Since the uncertainty on 7 scales roughly as l/r^, the 
difference is explained by noticing that the BaBar {x±,y±) measurements favour values of smaller 
than the Belle results. 

All methods (GLW, ADS and Dalitz) are sensitive to the same parameters of the B decays, and 
can therefore be treated in a combined fit to extract 7. Such comparisons have been performed by 



107 



various phenomenological groups, such as CKMfitter [8] and UTfit [209]. The CKMfitter group using a 
frequentist statistical framework obtains (77 it 31)° whereas the UTfit group with a bayesian approach 
obtains (82 ib 19)°. This is in agreement with the prediction from the global CKM fit (where the direct 
7 measurement has been excluded from the fit). As mentioned earlier, the size of the parameters play 
a crucial role in the 7 determination and they are found to be rB{DK) < 0.13, rB{D*K) < 0.13 and 
rsiDK*) < 0.27 at 90% C.L. by Ref. [8] and rsiDK) < 0.10, rB{D*K) < 0.12 and rsiDK*) < 
0.26 at 90% C.L. by Ref. [209]. All values are in agreement with the naive expectation from CKM and 
colour suppression. 

Clearly, the precision on 7 will improve with more data. However, the dependence of the sensitiv- 
ity on the value of means that we should be careful when extrapolating the present results to a higher 
statistics scenario. Assuming a value of rs in the range of 0.1-0.15, the statistical error obtained by the 
end of the B factories (2 ab~^) will be 10-15 degrees. The way to improve the 7 sensitivity in the near 
future is to include more (and use of D*^) modes, with combined strategies [619], use of differential 
spectra [633], many body modes, charm factory inputs [634], along with the use of B'^ modes [633,635]. 
Although at present (and until the end of B factories era) the 7 accuracy in the A'^vr+vr^ analysis is 
dominated by the statistical uncertainty, the model error will eventually dominate in the context of a 
Super B factory. Model independent ways to extract 7 have been proposed [625, 626, 636]. One way 
to implement this is to notice that in addition to flavour tagged —>■ i^^vr+vr^ decays, one can use 
CP tagged decays to Kgir^ir^ from the -0(3770) DD process. Combining the two data sets, the 
amplitude and phase could be measured for each point on the Dalitz plot in a model independent way. 
Study with MC simulations (assuming r = 0.2) indicates that with 50 ab~^ of data 7 can be measured 
with a total accuracy of few degrees [636]. Combining all the methods with the statistics anticipated at a 
Super B factory (50 ab^^), it is expected that an error of about two degrees is obtainable (chapter 4). 

Measurement of sin 2/3 + 7 from B decays to open charm 

Interference between decays with and without mixing can occur in the non-CP eigenstates B^ — > 
£)(*)±7rT(^pT) The Cabibbo-favoured b —>■ c decay amplitude interferes with the Cabibbo-suppressed 
b —>■ u decay amplitude with a relative weak phase shift 7. These modes have the advantage of a relatively 
large branching fraction but a small ratio r of suppressed to favored amplitudes. Time-dependent asym- 
metries in these modes can be used to constraint sin(2/3 + 7) [641]: the coefficient of the sin(AmAt) 
term can be written, to a very good approximation, as = 2r sin(2/3 + j ± 6), where 6 is the strong 
phase shift due to final state interaction between the decaying mesons. 

Potential competing CP violating effects can arise from b u transitions on the tag side if a kaon 
is used to tag the flavour on the other B in the event, resulting in an additional sin term S ^ = 
2r'sin(2/9 + 7 it 5') [637]. Here, r' (6') is the effective amplitude (phase) used to parameterize the 
tag side interference. To account for this term, one can rewrite as = (a ± c) + 6, where 
a = 2rsin(2/5 + 7) cos 5, c = cos(2/5 + j)[2rsin5 + 2r'siii6'] and b = 2r'sin(2/? + 7) cos (5'. The 
results from B factories [638-640] are shown for Dir and D*Tr modes in terms of a and c in Fig.[3T] CP 
violation would appear as a 7^ 0. External information is however needed to determine r or S. Naively, 
one can estimate r ~ | V^'^Kifo/KtrfV^t,! — 0.02. One popular choice is the use of SU(3) symmetry to 
obtain r by relating decay mode to B decays involving Dg mesons [641]. 

3.5.3 Expectations from LHCb 
3.5.3.1 Introduction 

This section summarises the outlook for measurements of CKM angles through tree-level processes at 
LHCb. All estimates are given for 2fb~^ of integrated luminosity, which is a canonical year of LHCb 
operation. (In the summary section, extrapolations are also made to 10 fb^^, which represents five years 
of operation.) Background estimates have been made using 34 million simulated generic bb events and, 
where appropriate, with specific samples of known dangerous topologies. Full details may be found in 
the cited LHCb notes and other references. 
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Fig. 31: Results of the a and c measurements for the Dtt (left) and D*Tr (right) modes. 

3.5.3.2 Measuring (3 with Jl^K% 

The channel —>■ J/ipKg, with the J/tp decaying to jJ.'^ jjL^ , is relatively easy to trigger on and recon- 
struct at LHCb. In order to minimise systematic effects selection cuts have been developed which impose 
the least possible bias on the lifetime distribution of the decaying B^. 

It is estimated that 333k untagged triggered events will be collected per 2 fb~^ of integrated 
luminosity. Background studies have been performed using a large sample of generic bb events and 
a dedicated sample of prompt J/ ijj events. The results indicate that the expected B/S ratio from the two 
sources is 1.1 and 7.3 respectively. The high background from prompt J/ip's has little consequence for 
the sin 2(3 sensitivity, as the events are restricted to low proper times. The performance of the flavour 
tag is determined from the similar topology B^ —>■ J/ipK*^ control channel. The statistical precision on 
sin 2(3 with 2 fb^^ is estimated to be 0.015. More information may be found in [654]. 

3.5.3.3 Measuring a with B^ pir and B^ — > pp at LHCb 

The potential of LHCb in the decay B^ ^ pir ^ tt~^tt~it^ has been studied extensively [642]. The hard 
spectrum of the vr*^, together with the vertex constrains on the vr+vr^ pair means that the decay can be well 
isolated from background, even in the high multiplicity environment of the LHC. A multivariate variable 
is built up to exploit all available discriminating variables. It is estimated that 1.4 x 10^ events will be 
accumulated per 2 fb^^ of integrated luminosity. The acceptance for these events is fairly uniform over 
Dalitz space, apart from in the region of low (m^+^o> rn'^-^o), which is depopulated due to the minimum 
energy requirement on the vr'^. 

The background has been studied with large simulated samples of generic bb events and with 
specific charmless decay channels. It is concluded that the B/S ratio should not exceed one, a value 
which has been assumed for the subsequent sensitivity studies. 

The expected precision on the angle a has been estimated using a toy Monte Carlo, taking the 
resolutions and acceptances from the full simulation, and modelling the background as a combination 
of non-resonant and resonant contributions. Repeated toy experiments are performed, each of which 
has 10000 signal events. Various scenarios have been considered for the relative values of the penguin 
and tree amplitudes contributing to the final state. The results shown here assume the 'strong penguin' 
case [643]. An unbinned log likelihood fit is used to extract the physics parameters of interest, in partic- 
ular a. The achievable precision on a varies between amplitude scenarios, and fluctuates experiment to 
experiment. The statistical error is below 10° for about 90% of experiments. The mean value is around 
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Fig. 32: Change in with a for a fit to simulated experiments assuming the LHCb performance with 1000 signal 
events and a B/S ratio of 1 . Each curve corresponds to a different experiment. Superimposed in black is the average 
of all experiments. The input value of a. is 97°. 



8°. On about 15% of occasions the fit converges to a pseudo-mirror solution, but these effects diminish 
with larger data sets. Figure [32] shows the variation in for fits to many toy experiments as a function 
of a, and the average of these curves, with a clear minimum seen at the input value of q = 97°. Studies 
of potential systematic uncertainties indicate that it will be important to have good understanding of the 
p lineshape. 

The performance of LHCb has also been investigated in the modes — > and — > p'^p^ . 

It is concluded that although significant numbers of events can be accumulated, the total event samples 
are similar in size to those that will come from the B factories. More promising is the decay B^ —>■ p^p^ 
which can be used in an isospin analysis to constrain the bias on a arising from penguin contamination 
in the channel B^ —>■ p^p^. 1200 events will be obtained per 2 fb~^, assuming a branching ratio of 
1.2 X 10^^. More details on this analysis, and estimates of its impact on the a extraction within possible 
scenarios can be found in [642]. 

3.5.3.4 Measuring 7 with B DK strategies at LHCb 

In principle all B DK channels, where the D decays hadronically, carry information on the angle 
7. LHCb has investigated several modes, with the emphasis on those where the decays involve charged 
tracks only. The presence of one or more kaons in the final state makes these decays particularly suited 
to LHCb, on account of its RICH system. The estimated event yields for the modes so far considered are 
summarised in Table [30[ Background studies have been carried out using large simulation samples of 
generic bb events, as well as specific channels which are potential sources of contamination, for example 
B Dtt. In all cases it is concluded that the background levels can be reduced to an acceptable level. 
More information can be found in the referenced notes. Many of the strategies that have been investigated 
are common to those pioneered at the B factories and discussed in Section [3.5.2.3l 
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Table 30: Expected event yields and estimated background for 2 fb^^ in B ^ DK decay modes so far considered 
at LHCb. In the rows where two signal yields are listed, the background corresponds to that expected in either 
channel. All numbers come from typical scenarios presented in the references quoted in the text. The background 
in the D{KgK^ K^)K'^ final state has not yet been studied, but it is expected to be significantly smaller than that 
in the D{K'^Tr+Tr-)K^ mode. 



Decay Mode Signal Background 





D{K+K'~)K^ 


2600, 3200 


3700 ± 1000 


T-.-I- 

B^ 


d{ti+ti-)K^ 


900, 1100 


3600 ± 1500 


B^ 




28000, 28300 


17500 ± 1000 


B^ 


in A An 

iO, 400 


onn 1 r t\{ \ 

800 ± 500 


B^ 




30400, 30700 


20200 ± 2500 


B± 




20, 410 


1200 ± 360 


5± 




5000 


1000 - 5000 (90% C.L.) 


S± 


D{K^K+K-)K^ 


1000 


/ 


S± 




1700 


1500 ± 600 


5± 




16800, 16600 


34300 ± 11500 


5± 




350, 100 


4800 ± 3800 


i?± 




9400, 9300 


34300 ± 11500 


S± 




10, 140 


4800 ± 3800 






240, 450 


< 1000 (90% C.L.) 


B', 


W D{TT+-ir-)K*^ 


70, 140 


< 1000 (90% C.L.) 


B^, B^ D{K^Tx^)K*^, K*o 


1750, 1670 


< 1700 (90% C.L.) 




350, 260 


< 1700 (90% C.L.) 



The simplest topologies are ^ DK decays where the (D^) decays to a CP-eigenstate such 
as K^K~ or vr+vr", or to K'^tt^ . Of particular interest is the subset of highly suppressed 'ADS' decays 
B^ — > D{K^TT^)K^ where the interference effects are highest. The exact number of expected events in 
this mode depends on the assumption for tb, the ratio of the interfering B decay amplitudes. Assuming a 
value of Tb = 0.08 leads to the expectation of around 400 events, integrated over B~^ and B~ channels, 
with a variation dependent on the value of the strong phase difference between the diagrams involved in 
both the B and D decays [644]. 

The 3-body Dalitz analysis of K^tt+tt" m B ^ DK decays has been successfully pioneered 
at the B factories. Here too LHCb expects to make a significant contribution with 5000 triggered and 
reconstructed decays per 2 fb~^ [646]. A technical challenge in selecting these events is presented 
by those -fC^'s which decay downstream of the VELO region; these decays account for around two 
thirds of the total sample. Although such events can be successfully reconstructed offline, this procedure 
is challenging to perform in the high level trigger, where the existing track-search algorithm for K^ 
daughters does not fit within the allocated CPU budget. It is hoped that this difficulty will be overcome. 
The problem is not so critical for the sister 3-body mode D K^K^ K~ , where the two kaons offer 
the possibility of devising an inclusive high level trigger selection not dependent on the finding of the 

The 4-body modes D K='=7r^7r^"7r^ and D K+if tt'^tt" are particularly attractive to 
LHCb as all the decay products are prompt charged tracks. Dependent on the charge of the decaying B, 
and the charges of the particles in the D decay, the K-kit-k channel accesses four possible final states, of 
which the rarest two, B"^ D{K^Tr^Tr~^Tr~)K^, possess large interference effects through the ADS 
mechanism. The expected sample size integrated over these two channels is about 400 events [647]. 
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Provided that the sub-resonant decay structure can be fitted in a four-body amplitude analysis these 
suppressed channels will provide high sensitivy to 7, either in isolation, or in conjunction with the other 
ADS modes. An analysis of the 4-body Dalitz space of K^K^-k^tt^ accesses 7 in a similar way to the 
3-body self-conjugate mode i^^vr+vr". Here 1700 events are expected [647]. 

Extensions of the standard B DK strategies have also been considered at LHCb. Detailed 
studies have been performed of —>■ DK*^, where the charge of the kaon in the K*^ —>■ K^tt^ decay 
chain tags the flavour of the decaying B^ [648]. Here both the interfering B^ decay diagrams are colour 
suppressed, and hence the interference effects are higher than in the B^ case, although the branching 
ratios are lower. Another method under study is B^ —>■ D*K^, where the D* decays either through 
D^TT^ or D^^. As there is a CP-conserving phase difference of vr between these two paths, separation 
of the respective modes gives powerful additional constraints in the analysis. At LHCb the energy of 
the neutral particles is too low to permit efficient selection. However, sufficient constraints exist in the 
decay topology to allow a full reconstruction using the charged tracks alone. Preliminary results indicate 
a promising performance, although there are at present insufficient Monte Carlo statistics to make a 
meaningful background estimate [645]. 

Assuming the 2 fb^^ event yields listed in Table [30l and the background estimates coming out of 
the Monte Carlo studies, full sensitivity studies have been performed for several of the analyses. The 
precision on 7 depends on the parameters assumed. Taking = 0.08, the statistical undertainty is 
found to be 6 — 10° for a combined B^ — > DK^ analysis involving the two-body D decay modes, and 
D —>■ KirmT, where the resonant substructure of the latter decay is so-far neglected [644]. A similar 
sensitivity is found for the B^ —>■ DK*^ study involving two body modes only, where the ratio of the 
interfering diagrams is taken to be 0.4 [648]. Estimates have also been made of the 7 sensitivity in 
K^vr+vr^ [646]. Including acceptance effects and background gives a typical sensitivity of 15°, again 
taking = 0.08. At present the only available studies of i^+ii'^vr+vr^ [649] are for signal events only. 
A background free analysis with the LHCb annual signal yield would have a statistical uncertainty of 
14°, also with rs = 0.08. Systematic effects have not yet been considered, but it is already known from 
the B factories that work is needed to improve the confidence in the D K^tt^tt^ decay model, an 
issue which is likely to be important for all the 3 and 4 body D decays. 

Other decay modes remain to be investigated, for example B^ —>■ DK*^, K*^ —>■ Kgir^. The 
full power of the B DK sensitivity will only come with a combined analysis of all accessible decay 
modes. The preliminary indications suggest that B DK decays will provide LHCb's most precise 
value of 7, with a few degrees uncertainty being achievable with 2 fb~^ of data. There is no reason to 
expect that the experimental systematics will significantly limit this sensitivity, although more detailed 
studies are required. It is clear, however, that residual uncertainties associated with the understanding 
of the D decay in the 3 and 4 body modes could be important. A possible scenario is presented in the 
Summary section based on arbitrary assumptions concerning this source of uncertainty. 

3.5.3.5 Measuring 7 with Bs, Bs DfK^ and W D^tt^ 

The isolation of Bs — > DfK^ decays is experimentally very challenging, because of the low branching 
ratio and the order-of-magnitude more prolific Bs — > Dgir decay mode. The LHCb trigger system gives 
good performance for fully hadronic modes and selects Bs — > DfK^ events with an efficiency of 29%. 
The TT — K discrimination of the RICH system reduces the Bs —>■ DsTt contamination to ~ 10%. It 
is estimated that the experiment will accumulate 6.2k events per 2 fb^^ of integrated luminosity, with 
a combinatoric background to signal level of < 0.6 [650]. The excellent ~ 30 fs proper time precision 
provided by the silicon Vertex Locator will ensure that the Bs oscillations will be well resolved, and 
hence allow the CP asymmetries to be measured. It is estimated that the statistical precision on 7 from 
this channel alone will be 10° for 2 fb"\ assuming Am^ = 17.5ps~\ | ALsl/r^ = 0.10 [650]. Note 
that this extraction requires knowledge of the weak mixing phase in the Bs system, which is imported 
from parallel LHCb studies performed with B^ — > J/tpcl) decays. 
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A potential difficulty with the Bg DfK^ 7 extraction arises from ambiguities. In the limit 
that Ar^ is very small the analysis returns an 8-fold ambiguity. A non-zero value of AF^ in principle 
ameliorates the problem, reducing the number of true ambiguities to four only, but even in this case the 
eliminated solutions may in practice remain as false minima, on account of the limited experimental res- 
olution. An attractive way to circumvent this difficulty is to make a combined analysis of the observables 
in the Bg decay and those in the U-spin symmetric B^ —>■ D^tt^ channel [651]. This approach has the 
added bonus of exploiting B^ D^tt^ decays in a manner which does not require knowledge of the 
ratio between the interfering tree diagrams, which in the B^ system is known to be very small, and hence 
hard to determine experimentally. LHCb will accumulate 1730k events per 2 fb~^ in this channel [652]. 
The combined analysis has the potential to reach a statistical precision of 5°, depending on the values of 
the parameters involved. Any bias associated with the U-spin symmetry assumption also has a varying 
impact on the measurement, depending on the position in parameter space. In many scenarios the effect 
is expected to be below the statistical uncertainty [653]. 

3.5.4 Summary 

Table [3T] presents a summary of the current status and the outlook for future direct measurements of the 
angles of the unitarity triangle from tree dominated B decays. The last column of this table is an estimate 
of the ITE, which is the intrinsic error coming purely from theoretical limitations of the methods being 
used. It seems that for sin 2/3, at the end of the B factory era with an estimated w 2 ab~^ of data, the 
experimental determination will be close to the expected theory error. In fact the theory error (< 1%) is 
somewhat smaller but apparently our current understanding is that experimental systematics are difficult 
to reduce below about 2-3%. Measurement of sin 2/3 at LHCb also looks very promising so far as the 
statistical error goes. 

For a although each of the three methods, vrvr, pvr, and pp will have a residual theory error due 
to isospin violation by EWP and/or from other sources, it is quite likely that once the experimental 
information with high statistics on all the three modes becomes available the remaining intrisic theory 
error will be small, 0(few%). The current B factories and LHCb are expected to be able to determine a 
to an accuracy around 5° — 8°, i.e. considerably worse than the ITE. A Super B factory should be able 
to attain the level of accuracy 0(2%) ITE. 

Unfortunately a precise determination of the angle 7 is likely to remain a challenge for a long time 
to come. Admittedly we have been somewhat cautious in our projections for the B factories and there 
is some chance that we will gain more from combined strategies, compared to projections in this table, 
as additional data becomes available in the next year or two. Indeed LHCb should however be able to 
do at least five times better than this (i.e. an accuracy of about 2.6 degrees), with a final uncertainty 
dependent on the errors associated with the knowledge of the D decay structure in the modes exploited 
in the B —>■ DK channels. It is interesting to note that with a SBF, and the very high statistics associated 
with an LHCb upgrade, the experimental error on 7 could approach 1 degree, but would still be larger 
than that of the associated ITE. 

Table 31: Unitarity Triangle from trees decays: Current status and future prospects. ITE means irreducible theory 
eiTor; see text especially regarding the LHCb projections. 





BE (Now) 


BE(End '08) 


LHCb 


LHCb 


SBF 


ITE 


JCdt 


~ 1 ab-i 


2ab-i 


2fb-i 


lOfb-i 


50 ab-i 




a{a) 


10° (11%) 


7° (8%) 


8.1° (9%) 


4.6° (5%) 


1.5° (1.6%) 


0(few %) 


a(sin2/?) 


0.026 (4%) 


0.023 (3.3%) 


0.015 (2.1%) 


0.007 (1%) 


0.013 (2%) 


<1% 


a(7) 


30° (46%) 


15° (23%) 


4.5° (7%) 


2.4° (4%) 


2° (3%) 


0(0.1%) 
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Lastly, we must caution the reader that the LHCb numbers in table[3T]are merely illustrative values, 
extrapolated from present simulation studies, together with certain (in some cases) arbitrary assumptions 
about systematic errors. The estimated precisions for sin 2/3 contain statistical uncertainties only, as 
the experimental systematics are impossible to estimate properly in advance of first data. The values 
for a are dominated by the input from the B'^ —>■ pir analysis, with the conservative assumption of 
a limiting systematic of 6°, associated with issues in the Dalitz analysis and the understanding of the 
p lineshape. The 7 estimates includes inputs from the Bs DsK^, B^ D^*\hh, hhhh)K^, 
B^ D{K'^mr)K^ and B° D{hh)K*{K+TT-) analyses. Here it is assumed that progress with 
the understanding of the D decay structure will result in systematics of 3° for the D —>■ K^tttt mode, 
and twice this for the 4-body decays. An arbitrary 5° error is assigned to the B'^ channel to account for 
the possibility of other amplitudes contributing the D{hh)K^TT^ final state. The B^ DK^ inputs 
assume an value of 0.08. The assumed quantities for other parameters are given elsewhere in the text 
and references. 
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3.6 S-meson mixing 
3.6.1 Introduction 

During this workshop there has been a breakthrough in the experimental study of Bg — Bg mixing with the 
measurement of the following quantities: the oscillation frequency Am^ by the CDF collaboration [126], 
the time-integrated untagged charge asymmetry in semileptonic Bg decays A^']^"* and the dimuon asym- 
metry AsL by D0 [655,656], the Bg hfetime from flavour-specific final states [493,657-661], AF^/r^ 
from the time-integrated angular analysis of Bg —>■ J/iIj4> decays by CDF [662], supplemented by the 
three-dimensional constraint on Fg, AF^, and the Bg — Bg mixing phase from the time-dependent angular 
analysis of Bg ^ J/t/j (p decays by D0 [663]. These measurements can be compared with the Standard 
Model (SM) predictions and used to constrain New Physics (NP) contributions to the Bg — Bg mixing 
amplitude. 

In this section we first discuss the theoretical predictions within the SM and their uncertainties. 
We then present the results of a model-independent analysis of NP in Bg — Bg mixing. We discuss the 
implications of the experimental data for SUSY models by either allowing new sources of flavour and 
CP violation in the Bg sector or by considering a constrained Minimal Flavour Violation SUSY scenario. 
The remainder of the section is devoted to the experimental aspects of the measurements listed above 
and gives an outlook for the LHC. 



3. 6. 2 Standard model predictions 

The neutral Bd and Bg mesons mix with their antiparticles leading to oscillations between the mass 
eigenstates. The time evolution of the neutral meson doublet is described by a Schrodinger equation 
with an effective 2x2 Hamiltonian 
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with q = d,s. The mass difference Am„ and the width difference AF„ are defined as 
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where H and L denote the Hamiltonian eigenstates with the heavier and lighter mass eigenvalue, respec- 
tively. These states can be written as 
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Theoretically, the experimental observables Am^, AFg and \ {q/p)q\ are related to Ml, and F^2- 
In the Bfi — B^ and Bg — Bg systems, the ratio F^2/-^i2 C'(m^/m^) ~ 10^^ and, neglecting terms 
of 0{m^/mf), one has 



Amg = 2\Ml. 
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The matrix elements Ml, and T\, are related to the dispersive and the absorptive parts of the 
/S.B = 2 transitions, respectively. Short distance QCD corrections to these matrix elements have been 
computed at the NLO for both Ml, [687] and F^2 [688-690]. The long distance effects are contained 
in the matrix elements of four-fermion operators which have been computed with lattice QCD using 
various approaches to treat the b quark (HQET, NRQCD, QCD) [349, 691-696]. The corresponding bag 
parameters B are found to be essentially insensitive to the effect of the quenched approximation (see sec. 
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The quantity Im(r^2/-^r2) measured thi^ough the CP asymmetry in Bg decays to flavour- 

specific final states. An important example is the semileptonic asymmetry 



^ Mf^J N{B, l+X) + N{B, l-X) ^ ' 



Two updated theoretical predictions for AF^/Fs and for the semileptonic asymmetry Agj^, ob- 
tained by including NLO QCD and 0{\/rrH)) [697] corrections, are 

Ar,/r, = (7 ± 3) • 10-2 , A%L = (2.56 ± 0.54) • 10"^ [690] , 
Ar^/r^ = (13 ± 2) • 10-2 , = (2.06 ± 0.57) • 10"^ [698] . (143) 

The difference in the central values of Ar^/Fs is mainly due to a different choice of the operator ba- 
sis [698] and it is related to unknown 0{a1) and 0{as/rrH)) corrections. Although the basis chosen in 
ref. [698] leads to smaller theoretical uncertainties, the shift observed in the central values may signal 
that the effect of higher-order corrections on AFs/Fs is larger than what could have been previously 
estimated. We take into account this uncertainty by quoting, as final theoretical predictions in the SM, 
the more conservative estimate [699] 

Ar,/r, = (11 ±4) • 10^2 ^ = (2.3 ±0.5) • 10"^ . (144) 

Concerning Am^, the SM predictions obtained by the UTfit and CKMfitter Collaborations are 

Am^ = (18.4 ± 2.4) ps"^ [120] , Am^ = (18.9l|^) ps"^ [8]. (145) 

3.6.3 Bg — Bg mixing beyond the SM 

We now discuss the analysis of B^ — Bs mixing in the presence of new physics (NP) contributions to 
the AB = 2 effective Hamiltonian. These can be incorporated in the analysis in a model independent 
way, parametrising the shift induced in the mixing frequency and phase with two parameters, Cb^ and 
(j)s = 2^Bs > having in the SM expectation values of 1 and 0, respectively [2-6] : 

.^s xSM+NP 



As for the absorptive part of the Bs — Bs mixing amplitude, which is derived from the double 
insertion of the AB = 1 effective Hamiltonian, it could be affected by NP effects in AB = 1 transitions 
through penguin contributions. Such NP contributions were considered in [7,210]. We shall neglect them 
in the present discussion. In this approximation, which is followed by most authors, NP enters Bg — Bg 
mixing only through the two parameters defined in (11461) . 

Since the SM phase of rf2/Mf2 is small in comparison with the current experimental sensitivity, 
we shall assume in the following that CP violation in Bs mixing is dominated by the NP mixing phase 
(ps- We then have 

^^- = zfe^^^^^ ^'''^ 

and the same NP phase (j)s will also govern mixing-induced CP violation in the exclusive channel Bs —>■ 
J/ifj (p. Note that the phases in A^^ = lm{Tl2/Mf2) and in the Bg —>■ J /"^ 4> asymmetry are different 
from each other in the SM, where arg(— Ffg/Affg) « —0.004 while the phase measured in Bg J ji) (j) 
decay is -2/?^ -2X'^r] -0.04 (see e.g. [698]). 

Making use of the experimental information described in sect J3.6.6l it is possible to constrain 
and (/)B, [7,9,210,665,698,700,701]. We report here the results obtained in ref. [9]. 
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The use of AFs/r^ from the time-integrated angular analysis of Bs —>■ J/Tpfp decays is described 
for instance in ref. [7]. Here we use only the CDF measurement [662] as input, since the D0 analysis is 
now superseded by the new time-dependent study [663]. The latter provides the first direct constraint on 
the Bg-Bs mixing phase, but also a simultaneous bound on AF^ and Fg. The time-dependent analysis 
determines the Bg-Bs mixing phase with a four-fold ambiguity. First of all, being untagged, it is not 
directly sensitive to sui(j)s, resulting in the ambiguity (</)s, cos ^1^2) {—(ks, — cos 81^2), where ^1^2 
represent the strong phase differences between the transverse polarisation and the other ones. Second, 
at fixed sign of cos(^i^2> there is the ambiguity AF<j) {(f)s + vr, — AF^). One could be tempted 
to use factorisation [698] or B^ — > J/ipK* with SU(3) [702] to fix the sign of cos(5i 2. Unfortunately, 
neither factorisation nor SU(3) are accurate enough to draw firm conclusions on these strong phases. 
This is confirmed by the fact that the two approaches lead to opposite results. Waiting for future, more 
sophisticated experimental analyses, which could resolve this ambiguity with a technique similar to 
the one used by BaBar in Bd —>■ J/tpK* [602], we prefer to be conservative and keep the four-fold 
ambiguity. 

Compared to previous analyses, the additional experimental input discussed below improves con- 
siderably the determination of the phase of the Bg — Bg mixing amplitude. The fourfold ambiguity 
inherent in the untagged analysis of ref. [663] is somewhat reduced by the measurements of and 
AsL (see (I150I )). which slightly prefer negative values of 0^^. The results for Cb^ and (pBs^ obtained 
from the general analysis allowing for NP in all sectors, are 

Cb^ = 1.03 ±0.29 , (/>ij^ = (-75 ± 14)° U (-19 ± 11)° U (9 ± 10)° U (102 ± 16)° . (148) 

Thus, the deviation from zero in (/>b^ is below the la level, although clearly there is still ample room for 
values of 4>Bs very far from zero. The corresponding p.d.f. in the Cbs-4'Bs plane is shown in fig.l33l 
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Fig. 33: Constraints on (j)B, vs. Cb, from the NP generalised analysis of ref. [9]. 



3.6.4 Bs — Bs in SUSY with non-minimal flavour violation 

The results on C Bs and Bs obtained above can be used to constrain any NP model. As an interesting 
example we discuss here the case of SUSY with new sources of flavour and CP violation, following 
ref. [703]. 

To fulfill our task in a model-independent way, we use the mass-insertion approximation to evalu- 
ate the gluino mediated contribution to 6 — > s transitions. Treating off-diagonal sfermion mass terms as 
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interactions, we perform a perturbative expansion of FCNC amplitudes in terms of mass insertions. The 
lowest non-vanishing order of this expansion gives an excellent approximation to the full result, given 
the tight experimental constraints on flavour-changing mass insertions. It is most convenient to work in 
the super-CKM basis, in which all gauge interactions carry the same flavour dependence as in the SM. In 
this basis, we define the mass insertions {Sfj)AB as the off-diagonal mass terms connecting down-type 
squarks of flavour i and j and helicity A and B, divided by the average squark mass (see sec. 11.31) . 

The constraints on {S2'^)ab have been studied in detail in ref. [116] using as experimental input 
the branching ratios and CP asymmetries of 6 — > 57 and b — > si~^£~ decays and the first measurement of 
Bs — Bs mixing. We perform the same analysis using the full information encoded in Cb^ and 0^^, and 
the recently computed NLO corrections to the AB = 2 SUSY effective Hamiltonian [1 18]. We refer the 
reader to ref. [703] for all the details of this analysis. 

For definiteness, we present here the results obtained by choosing an average squark mass of 350 
GeV, a gluino mass of 350 GeV, fi = —350 GeV and tan /? = 3. The dependence on fi and on tan (3 is 
induced by the presence of a chirality flipping, flavour conserving mass insertion proportional to /i tan /?. 
In Fig. [34l we show the allowed ranges in the Re((^23)yi5"Irn('^23) ab planes. The corresponding upper 
bounds at 95% probabihty are presented in Table [32l 

Table 32: Upper bounds at 95% probability on the mass insertion parameters | [623)^^ |, see the text for details. 
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One finds that the constraints on (523) ll ^'^'^ ('^23) ll ~ i4z) rr come from the interplay of 
Bs — Bs mixing with b —>■ s decays, {^s} rr dominated by the information on Bs — Bg mixing, while 
23) LR and {S23)rl dominated by AB = 1 processes. 

3.6.5 Bs — Bs in SUSY with minimal flavour violation 

As a second model-specific case for meson mixing we mention that of SUSY with Minimal Flavour 
Violation (MFV). The MFV scenario is defined, in general, within the effective field theory approach of 
ref. [10]. In the specific case of SUSY, the soft squark mass terms, parametrised in the previous section 
in terms of mass insertions, are expanded in terms of the SM Yukawa couplings [10, 38] and the relevant 
parameters become the expansion coefficients. A detailed meson mixing study within this approach has 
been performed in ref. [42] and for low tan /3 shows that: (i) NP contributions are naturally small, for 
AMs of the order of 1/ps; (ii) such contributions are always positive; (iii) if fi is not small, gluino con- 
tributions enhance (even for low tan f3) scalar operators, which then spoil the phenomenological picture 
of (V-A)x(V-A) dominated MFV [12]. In particular item (i) emphasises the importance of precision 
determinations for lattice parameters like ^, if NP is of minimal flavour violating nature. 

3. 6. 6 Present experimental situation 

New information concerning the Bs mixing parameters became available during the workshop Flavour 
in the Era of the LHC. The highlight was the measurement of Am^ by D0 and CDF. The D0 experiment 
used the semileptonic Bs —>■ Dgfii'X decays with Ds ^ (j)Tr , and determined a 90% confidence range 
for Arus- 17 < Am^ < 21 ps^^. The initial CDF result yielded a 3a observation of Bg — Bs mixing by 
making use of semileptonic and hadronic decay modes [664]. Shortly after CDF published an improved 
analysis [126]. In this analysis the signal yield was increased by improving the particle identification 
and by using a neural network for the event selection, which allows the use of additional decay modes. 
Moreover the flavour tagging was improved by adding an opposite-side flavour tag based on the charge 
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Fig. 34: Allowed range in the Re((523)^5-Im(5f3)^^ plane, with AB = LL (top left), AB ^ RR (top right), 
AB = LR (middle left), AB = RL (middle right) and AB = LL with (6^3)^^ = ('^23) (bottom). 
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of the kaons, and by the use of a neural network for the combination of the kaon, lepton and jet-charge 
tags. The result for Am^ equals 

Am, = 17.77 ±0.010 ±0.07 ps-^ (149) 

The probability that a statistical fluctuation would produce this signal is 8 x 10~^ (> 5a evidence). This 
value for Am^ is consistent with the SM expectation, see eq. ( 11451 ). The ratio |Vt(i/Vts| was determined 
by CDF as well [126], and equals 0.2060 ± 0.0007(Am,)t°;°°^|^(Amrf + theory). 

Also information on the Bs mixing phase became available [663]. The D0 experiment performed 
two independent measurements of ^5^, defined in (|142l) . using the same sign dimuon pairs [656] and 
time-integrated semileptonic decays Bg —>■ iivD^ with Dg —>■ </)vr [655]. 

The same sign dimuon asymmetry in B decays at Tevatron can be expressed as [665] : 

^ ^ Njbb ^ /.+/X+X) - Njbb ^ /X-/.-X) _ hZ^Aj^ + fsZsA%^ 
N{bb^ li+H+X) + N{bb-^ fi-fi-X fdZd + fsZs 

Z, = T^-T^^ x, = AM,/T,, yg = Ar,/(2r,). 

Here fd = 0.398 ± 0.012 and = 0.103 ± 0.014 are the Bd and Bs fragmentation fractions. The 
measured asymmetry Asl was presented by D0 in Ref. [656]: 

f Z 

Asl{^&) = A%L + = -0.0092 ± 0.0044(stat.) ± 0.0032(syst.). (151) 

JdZd 

Measurements of A'g^ were performed by the b factories. The average value of ^4^^ is [665] : 

= ±0.0011 ± 0.0055 . (152) 

This leads to the value of from the same sign dimuon asymmetry: 

= -0.0064 ± 0.0101 . (153) 

Recently D0 has also presented a time-integrated direct measurement of ASL^ using semileptonic Bg — > 
D^pL^u^ decays [655]. They measure: 

= ±0.0245 ± 0.0193(stat.) ± 0.0035(syst.). (154) 

These two measurements of A'g^ are independent and their combination gives the charge asymmetry in 
semileptonic Bs decays: ^41^^ = 0.0001 ± 0.0090 [666]. The analysis of the time-dependent angular 
distributions in Bs — > J /'4'4> decays yields both the decay width difference AT, and CP violating phase 
c^s [663]: 

AT, = 0.17 ±0.09 ±0.03 ps-^ 
(ps = -0.79 ±0.56 ±0.01 . (155) 

Combining the results for A'gj^, AFg, 4>s and using the CDF result on the mass difference Arrig [126] 
gives an improved estimate for and AF, [666] : : 

AF, = 0.13 ±0.09 ps~i , 
ct>s = -0.70+oj^ _ (156) 

Also new results have been released recently concerning the Bs lifetime and AF,. At D0 the Bs lifetime 
for Bs Ds^vX was measured to be 1.398 ± 0.044(stat)t[];[|25(sys) ps"^ [661]. The average Bs 
lifetime equals 1.466 ±0.059 ps"^ [119]. CDF published the measurement of AF, = 0.47lo:24 ± 
0.01(sys)ps-i [662]. 

In the near future the LHC experiments LHCb, ATLAS and CMS will start to provide information 
on Bg — Bg mixing. In the following sections the sensitivity of LHCb to the Bs mixing parameters Am,, 
AFs, (ps and Asl and the prospects for CMS will be discussed. 
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3.6.7 LHCb 

The LHCb experiment is designed as a single-arm forward spectrometer to study b decays and CP viola- 
tion. Its main characteristics are precise vertexing, efficient tracking and good particle identification. The 
high-precision measurements at LHCb will enable further tests of the CKM picture, and probe physics 
beyond the SM. This is in particular true for the measurement of Bs — Bs mixing parameters such as 
Arus, ATs, (/)s and Asl- 

LHCb will run at a nominal luminosity of £ = 2 x 10'^^ cm^^s^^. Assuming a bb production 
cross-section of a^,^ = 500 /ub, this will correspond to an integrated luminosity of 2 fb~^ per nominal 
year of 10'' s of data taking. All event yields quoted below are for 2 fb^^. They have been obtained from 
a full Monte Carlo (MC) simulation of the experiment, which included the following: pileup generation, 
particle tracking through the detector material, detailed detector response (including timing effects such 
as spillover), full trigger simulation, offline reconstruction with full pattern recognition, and selection 
cuts. High-statistics samples of signal events have been produced for a detailed study of resolutions and 
efficiencies. Combinatorial background has been studied using a sample of ~ 27M inclusive bb events 
corresponding to about 10 minutes of data taking, while identified physics background sources have been 
studied with large specific background samples. 

3.6.7.1 Sensitivity to Am g from Bg ^ Dgii 
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Fig. 35: Left : Reconstructed Bg — > D^tt mass distribution from full MC simulation, after trigger and all selection 
cuts [667]. The points with error bars represent the signal (on an arbitrary vertical scale). The histogram represents 
the B D^n^ background and the dotted flat line represents the upper limit of the combinatorial background 
from hh events, normalised to the signal. Right: Reconstructed Bs Dgir proper time distribution from full 
MC simulation of the signal, corresponding to an integrated luminosity of 0.5 fb~^ [667]. The lower histogram 
represents the events tagged as mixed. The background is not shown. 



The mass difference Amg between the mass eigenstates of the Bg — Bg system is best measured 
as the frequency of the oscillatory behaviour of the proper time distribution of flavour-tagged mesons 
decaying to a flavour-specific final state. The best channel for this at LHCb is Bg — > Dgir , with the sub- 
sequent decay to K~^K~it^, because of its easy topology with four charged tracks and its relatively 
large branching fraction of B{Bg Dgir) x B{D+ K+K-tt+) = (1.77 ± 0.48) x 10""^ [667]. 
Such decays can be detected, triggered, reconstructed and selected with a final mass resolution of 
~ 14 MeW/c^ (see Fig.[35]left) and a total efficiency of about 0.4%, leading to a yield of (140k ± 40k) 
events in 2 fb~^. After the trigger and selection, the combinatorial background is expected to be domi- 
nated by bb events, and has been estimated to be less than 5% of the signal at 90% CL, in a ±50 IVIeV/c^ 
mass window around the signal. Using the same sample of simulated bb events, the background from 
partially reconstructed 6-hadron decays in the same mass window has been estimated to be less than 
40% at 90% CL. This includes partially reconstructed and B^ decays. A dedicated study showed that 
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the background from B ^ D tt^ decays (where one of the charged pions from the D decay could be 
misidentified as a kaon) is approximately 5% of the signal. 

The proper time resolution, obtained on an event-by-event basis from the estimated tracking errors, 
typically varies between 15 fs and 80 fs with an average value of ~ 40 fs (dedicated studies are being 
done at LHCb to model the proper time resolution [668] and to verify the estimated tracking errors [669] 
with data). A flavour tagging power of eD^ of at least 9% is achieved on the MC signal, combining 
several tags in a neural network: a muon or electron from the b ^ £ decay of the other 6-hadron, a 
charged kaon from the 6 — > c — > s decay of the other 6-hadron, the vertex charge of the other fe-hadron, 
and a charged kaon accompanying the signal Bs in the fragmentation chain [670]. 

The statistical uncertainty on the measurement of Am^ using an integrated luminosity of 2 fb^^ 
is expected to be ±0.007 ps^^ [650]. It will be dominated by systematic uncertainties related to the 
determination of the proper time scale. Figure [35] (right) shows the proper time distribution from which 
such a measurement could be extracted. 

The Bs — > DsTT sample will play a crucial role as a control sample in all time-dependent Bj 
analyses; indeed it can be used to measure directly the dilution (due to flavour tagging and proper time 
resolution) on the sm{Amst) and cos(Amst) terms in time-dependent CP asymmetries. It will also be 
used as a normalisation channel for many measurements of Bg branching fractions. More details on the 
selection of Bs DgTT events can be found in Ref. [667]. 

3.6.7.2 Sensitivity to (ps cind AT g from exclusive b — > ccs decays 

The Bg — Bg mixing phase 4>s can be measured from the flavour-tagged Bs decays to CP eigenstates 
involving the b ccs quark-level transition. The best mode for this at LHCb is Bg — > J/V"?^ ■ 
However, in this case, the vector nature of the two particles in the final state causes their relative angular 
momentum to take more than one value, resulting in a mixture of CP-even and CP-odd contributions. 
An angular analysis is therefore required to separate them on a statistical basis. This can be achieved 
with a simultaneous fit to the measured proper time and so-called transversity angle of the reconstructed 
decays. Such a fit is sensitive also to AF^ because of the presence of the two CP components. 

The sensitivity to 0^ has been studied so far with the following modes: 

- Bg^ J/^{fi+fi-)(l){K+K-) [671,672] 

- Bg ^ r]c{TT+7r-7r+TT-,7r+TT-K+K-,K+K-K+K-)(p{K+K-) [671,672] 

- Bg^ J/V'(/i+Ai')r/(77,7r+7r-7r0) [671,672] 

- Bg^ J/V'(/x+/x-)V(??(77)vr+7r-,p(7r+7r-)7) [673,674] 

- Bg^ Dt{K+K-'K+)D-{K+K-TT-) [671,672] 

The results are summarised in Table [33] For each signal event in the full simulation the proper 
time and its error are estimated using a least-squares fit. The distributions of the proper time errors 
(scaled with the sigma of their pull distribution) are shown in Fig. [36] Most channels have a proper 
time resolution below 40 fs. A good proper time resolution is important for resolving the fast Bg — Bg 
oscillations. 

The sensitivities to the Bg — Bg mixing parameters are determined by means of fast parameterised 
simulations, with the results of Table[33]as inputs. A large number of experiments are generated assuming 
the following set of parameters: Am^ = 17.5 ps"^, 4)g = -0.04 rad, AFs/Fs = 0.15, l/Fg = 1.45 ps, 
and a fraction of CP-odd component of R-r = 0.2 (for Bg J/ipfp )■ The different parameters are 
extracted by performing a likelihood fit to the mass, proper time, and transversity angle (for Bg —>■ 
J/il^(j) ) distributions, including a background contribution. The b — > ccs likelihood is simultaneously 
maximised with a similar likelihood for the Bg —>■ Dgir control sample such as to constrain Auig and the 
mistag fraction from the data. The background properties are determined from the Bg mass sidebands. 
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Table 33: Characteristics of different exclusive b ccs modes for the measurement of (j)s. The first 6 columns of 
numbers are obtained from the full MC simulation. They represent the expected number of triggered, reconstructed 
and selected signal events with an integrated luminosity of 2 fb^^ (before tagging), the background-over-signal 
ratio determined mainly from inclusive bb events, the Bg mass resolution, the average value of the estimated event- 
by-event Bg proper time error scaled by the width of its pull distribution, the flavour tagging efficiency, and the 
mistag probability. These parameters have been used as input to a fast MC simulation to obtain the sensitivity on 
(j>s given in the last column. The last line describes the control channel (see text). 
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Fig. 36: Distribution of the event-by-event proper time resolution [fs] for different Bs channels, as obtained from 
the full MC simulation. The normaUsation is arbitrary. 



The physics parameters, extracted in the signal region with all other parameters fixed, are cps, AttIs, 
ATJT,, l/Fs, wtag, and Rt (for Bs J/ip^ ). 

The sensitivities to (ps for the different channels, obtained as the rms of the distribution of the fit 
results, are given in the last column of Table l33l They gently decrease with increasing and do not 
depend much on AFs/Fs. For instance, the statistical uncertainty on (ps for (ps = —0.2 rad is ±0.026 rad 
from Bs — > J/ip4> alone, with 2 fb^^ [671]. The best performance is achieved with the Bs —>■ J/ip(t> 
sample, which also yields a statistical precision of ±0.0092 on APs/Fs (2fb~^). The (ps sensitivities 
obtained from the other modes (which are pure CP-eigenstates) are not as good, but still interesting. 
Combining all modes, a statistical uncertainty a{(ps) = ±0.0092 rad is expected after 10 fb^^. 
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LHCb has the potential to perform the first significant measurement of (f)s, test the consistency 
with the SM expectations, and possibly uncover New Physics that may be hiding in Bg — Bg mixing. 

3.6.7.3 Sensitivity to Agj^from Bg Dg^JLvX and Bg DgTT 

The CP-violating charge asymmetry Ag^ is an important parameter to constrain new physics contribu- 
tions in Bg mixing, see Section [3.6.3l Ag^ is accessible by measuring the charge asymmetry of the time- 
integrated rates of untagged Bg decays to flavour-specific final states such as n^vX or D^tt^ [675]. 
In LHCb the asymmetry A^^ is measured by fitting the time-dependent decay rates. This method allows 
a determination of Agj^ also for a non-zero production asymmetry of Bg and Bg mesons which, at the 
LHC, is expected to be of 0(1%). Based on a large sample of fully simulated inclusive bb events and 
a dedicated signal sample, LHCb estimates a signal yield of IM Bg —>■ DgfivX events in 2 fb^^ of 
data, with a B/S ratio of about 0.36 [676]. This leads to a statistical precision of ±0.002 on Agj^ [677]. 
A similar analysis based on 140k Bg — > Dgir events is expected to reach a precision of ±0.005 with 
the same integrated luminosity of 2 fb~^ [677]. Systematic uncertainties are expected to be dominated 
by the detector charge asymmetry, which needs to be determined separately. A method is proposed to 
control the detector charge asymmetry by measuring the difference Ag^ — A^^ using Bg and B^ decays 
to the same final state, e.g. Bg fi^vX and Bd D^fi^vX, where K^K^ir^ and 

D- K+K-TT-. 

3.6. 7.4 Correcting for trigger biases in lifetime fitting at LHCb 

Lifetime measurements at LHCb will help for the detector calibration and provide tests of theoretical 
predictions based on the heavy-quark expansion. In order to exploit the full range of decays available at 
LHCb, it is important to have a method for fitting lifetimes in hadronic channels, which are biased by the 
impact parameter cuts in the trigger. We have investigated a Monte-Carlo independent method to take 
into account the trigger effects. The method is based on calculating event-by-event acceptance functions 
from the decay geometry and does not require any external input. Current results with the method are 
given in [678]. The method is described, for the case of two-body decays, in [679]. 

The decay B^ — > D^n^ has an expected yield of 1.34M events per 2 fb~^. The S/B ratio is 
expected to be around 5 [652]. Fitting the B^ lifetime with 60k toy Monte Carlo signal events achieves 
a statistical precision of 0.007 ps, while fitting to 60k signal and 15k background events achieves a 
precision of 0.009 ps (the current world average is 1.530 ± 0.009 ps [119]). A similar result is seen in 
data generated with the full LHCb detector simulation [678]. Therefore, although the systematic errors 
associated with this method are unknown at the moment, we can expect a very good measurement of the 
Bd lifetime using the decay Bd — > D^tt^. 

3.6.8 CMS 

3.6.8.1 Sensitivity to ATg 

Also at CMS the decay Bg — > J/V' </> fi^ iJ,~ K'^ K~ is being studied [680]. Several important back- 
ground processes have been identified. The prompt J/iJj production is the main source of background 
at trigger level, since it represents a dominant contribution to the Level- 1 dimuon trigger rate. For the 
offline selection, the main background is the inclusive decay b —>■ J/ip X. The decay Bd J/tp K*^ —>■ 
fi^ fi^ K^TT^ is of particular concern, since the pion can be mistaken to be a kaon, and hence the de- 
cay be misidentified as Bg — > J/iJj(j) . Furthermore, the final state of this Bd decay also displays a 
time-dependent angular distribution similar to that of the Bg decay under study, with different physical 
parameters. The Bg decay chain is selected at Level- 1 by the dimuon trigger. The latter demands two 
muons with a transverse momentum above 3 GeV / c, and the additional requirement that these muons 
have opposite charge can be used. 

In the HLT [68 1] , 6 candidates are identified by doing a partial reconstruction of the decay products 
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in the tracker in restricted tracking regions and imposing invariant mass and vertex requirements [682]. 

The HLT selection of the decay Bg J/'4'<t> has been separated in two steps. In the first, called 
Level 2, J/'^ candidates with a displaced vertex are identified. Tracks are then reconstructed in the 
tracking regions defined by the Level 1 muon candidates, and all track pairs of opposite charge for which 
the invariant mass is within 150 McV/c^ of the world-average J/i]j mass are retained. To remove the 
prompt J/ip background, the two muon candidates are then fitted to a common decay vertex and the 
significance of the transverse decay length is required to be above 3. With this selection, the accepted 
rate is reduced to approximately 15 Hz, with 80% of the J/V' originating in the decay of b hadrons. 

Next, at Level 3, a further reduction is achieved by doing a full reconstruction of the Bg decay. To 
reconstruct the kaons, the tracking region is chosen around the direction of each J/V' candidate. Assign- 
ing the kaon mass to the reconstructed tracks, all oppositely charged track pairs for which the invariant 
mass is within 20 MeV/c^ of the world-average mass of the (f) meson are retained, for a resolution in the 
invariant mass of the cj) meson of 4.5 MeV/c^. With the two muon candidates, the four-track invariant 
mass is required to be within 200 MeV / of the world-average mass of the Bg meson. The resolution 
in the invariant mass of the Bg meson is found to be 65 MeV/c^. Here as well, a vertex fit of the four 
tracks is performed, imposing a similar requirement as above. The total rate for this selection is well 
below 0.1 Hz, and a yield of approximately 456000 signal events can be expected within 30 fb~^ of 
data. 

In the offline selection, candidates are reconstructed by combining two muons of opposite charge 
with two further tracks of opposite charge. As CMS does not possess a particle identification system 
suitable for this measurement, all measured tracks have to be considered as possible kaon candidates, 
which adds a substantial combinatorial background. A kinematic fit is made, where the four tracks are 
constrained to come from a common vertex and the invariant mass of the two muons is constrained to 
be equal to the mass of the J/4> ■ With this fit, a resolution on the invariant mass of the Bg meson of 
14 MeV/c^ is found. The invariant mass of the two kaons is required to be within 8 MeV/c^ of the 
world-average mass of the meson. 

With this selection, a yield of approximately 327 000 signal events can be expected within 30 fb~^ 
of data, with a background of 39000 events. These do not include a requirement on the four-track 
invariant mass of the candidates, since the sidebands could be used later in the analysis. However, only 
a small fraction of these events are directly under the Bg peak, and even a simple cut will reduce the 
number of background events by a significant factor. 

The measurement of the width difference AF^ can now be done on this sample of untagged Bg 
candidates. As mentioned earlier, the J/ipcj) final state is an admixture of CP-even and CP-odd states, and 
an angular analysis is required [683]. As the CP-even and CP-odd components have different angular 
dependences and different time evolutions, the different parameters can be measured by performing 
an unbinned maximum likelihood fit on the observed time evolution of the angular distribution. In 
the absence of background and without distortion, the p.d.f. describing the data would be the original 
differential decay rate. The distortion of this distribution by the detector acceptance, trigger efficiency 
and the different selection criteria must be taken into account by an efficiency function modelling the 
effect of the decay length requirements and the distortion of the angular distribution. 

A sample corresponding to an integrated luminosity of 1.3 fb~^ was considered, which allows 
us to have a realistic ratio of misidentified B^ ^ J/ip K* and signal events. With the low number of 
background events that remain after all selection requirements, an accurate modelling of the background 
is not possible, neither of its angular distribution nor of its time-dependent efficiency. Therefore the 
background events are simply added to the data set and their expected distribution is not included in 
the p.d.f. used in the fit. The p.d.f. then simply describes the Bg distribution. With such a fit, in which 
the invariant mass of the candidates is not taken into account, a restriction on the invariant mass of the 
candidates should obviously be made. Choosing a window of ±36 MeV/c^ around the world-average 
Bg mass reduces the number of B^ background events by another 59%, while reducing the number of 
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signal candidates by only 2.9%. The result of the fit is given in Table l34l where both the statistical and 
expected systematic uncertainties are quoted. A first measurement of the width difference of the weak 
eigenstates could thus be made with an uncertainty of 20%. On a larger sample, corresponding to an 
integrated luminosity of 10 fb~^, it is foreseen that the statistical uncertainty would be reduced to 0.011. 

Table 34: Results of the maximum likelihood fit for an integrated luminosity of 1.3 fb^^ (signal and background). 



Parameter 


Input value 


Result 


Stat, error 


Sys. error 


Total error 


Rel. error 




0.57 


0.5823 


0.0061 


0.0152 


0.0163 


2.8% 


l^||(0)P 


0.217 


0.2130 


0.0077 


0.0063 


0.0099 


4.6% 




0.213 


0.2047 


0.0065 


0.0099 


0.0118 


5.8% 




0.712 ps-^ 


0.7060 ps-i 


0.0080 ps"^ 


0.0227 ps-i 


0.0240 ps-i 


3.4% 




0.142 ps-i 


0.1437 ps-i 


0.0255 ps~i 


0.0113 ps-i 


0.0279 ps-i 


19% 


Ar,/r, 


0.2 


0.2036 


0.0374 


0.0173 


0.0412 


20% 



3.6.8.2 Missing particles in the reconstruction 

The best way to study the Bg — Bg oscillations is to have a fully reconstructed final state of the Bg 
decay. The disadvantage of such decay channels is the limited statistics. Much more signal events 
can be collected in semileptonic decays as Bg —>■ D^i^u. Due to the missing neutrino in this decay 
the Bg momentum, and hence the proper-time resolution for the Bg, is less precise than in the fully 
reconstructed case, even if a correction (A;-factor) is applied. However, recently a new method (u-reco) 
has been proposed [684], which allows us to calculate the neutrino momentum with the help of vertex 
information. 

In order to verify the u-reco method a MC simulation has been developed to study Bg — Bg mixing 
in the semileptonic decay mode. Kinematical cuts, track parameters and vertex positions (primary and 
secondary) have been simulated according to typical hadron collider detector conditions [658,661,685, 
686]. The proper time resolution obtained is cr = 132 fs with the fc-factor method and cr = 91 fs with the 
u-reco method. 
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3.7 Hadronic b — ^ s and b — ^ d transitions 

Flavour-changing neutral current processes can occur only at the loop level in the Standard Model and 
therefore are potentially sensitive to new virtual particles. In particular, hadronic FCNC B decays are 
sensitive to new physics contributions to penguin operators. Among these decays, the penguin-dominated 
b —>■ sqq transitions are the most promising [704-706]. However, an accurate evaluation of the Standard 
Model amplitudes is required in order to disentangle new physics contributions. Unfortunately hadronic 
uncertainties hinder a pristine calculation of the decay amplitudes. In this chapter, various theoretical 
approaches to the calculation of the hadronic uncertainties are discussed. In addition, the present experi- 
mental status is presented together with prospects at S -factories and LHCb. 



3. 7.1 Theoretical estimates of AS with factorization 

In the following we quantify ASf = —TjfSf — sin(2/3), where Sj is the sin-term of the time-dependent 
CP asymmetry, based on QCD factorization [214,215] calculations of the — > / decay amphtudes. We 
may write the decay amplitude as 

A{B ^ /) = y,f,V;; a) + VubV:, a)^l + e-'^ df, (157) 

where df = exM '^//^/ ^ ^kmc^/ and exM = l^6^*s/(K:6Ks)l ~ 0.025. The expectation that ASf is 
small derives from the CKM suppression ckm and the expectation that the ratio of hadronic amplitudes, 
dj, is not much larger than 1. Then 

ASf = 2eKMRe((i/)cos(2/3)sin7 + 0(4). (158) 

QCD factorization calculations of ASf for various final states have been performed at leading order 
[707] and next-to-leading order [239,708,709]. Other factorization-inspired calculations can be found 
in [240,710]. The results are generally in good agreement with each other. The following is primarily 
an update of [708]. Ref. [709] also discusses an estimate of long-distance rescattering effects. Since the 
significance of the model underlying this estimate is unclear, these (small) effects will not be included 
here. 

The hadronic amplitudes are sums of "topological" amplitudes, referring to colour-allowed 
tree (T), colour-suppressed tree (C), QCD penguin (P^), singlet penguin (S^), electroweak penguin 
(^EW ^EW ^'^^ annihilation contributions. The numerical analysis below takes into account all 
flavour amplitudes following [239], but it suffices to focus on a few dominant terms to understand the 
qualitative features of the result. Then, for the various final states, the relevant hadronic amplitude ratio 
is given by 



^"^5 df- ' [_pe] ' P'Ks df ^^^^ 

r]Ks df ~ T— ijjKs df 



The convention here is that quantities in square brackets have positive real part. (Recall from (11581 ) that 
A5/ mainly requires the real part of df.) In factorization Re [P'^/P'^] is near unity, roughly indepen- 
dent of the particular final state, hence ASf receives a nearly universal, small and positive contribution 
of about 2eKM cos(2/3) sin 7 0.03. On the contrary the magnitudes and signs of the penguin ampli- 
tudes' real parts can be very different. Hence the influence of the colour-suppressed tree amplitude C 
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Mode 


ASf (Theory) 


ASf [Range] 


Mode 


ASf (Theory) 


ASf [Range] 


TT^Ks 

v'Ks 
TjKs 


n 07+0 05 

-0.04 
'-'■-'^'-'-0.07 


[+0.03,0.13] 
[+0.00,0.03] 
[-0.76,0.27] 


p^Ks 

^Ks 

ujKs 


-0.08;°:?^ 

0.02^^1 


[-0.29,0.01] 
[+0.01,0.05] 
[+0.02,0.21] 



Table 35: Comparison of theoretical and experimental results for ASf. 



determines the difference in ASf between the different modes. For (vfO, r/, io)Ks the effect of C is con- 
structive, but for (p, r]')Ks it is destructive. However, the magnitude of Re [Pd is much larger for rj'Ks 
than for pKs, hence Re (df) remains small and positive for rj' Ks, but becomes negative for pKs- 

The result of the calculation of ASf is shown in Table [35l The columns labeled ''ASf (Theory)" 
use the input parameters (CKM parameters, strong coupling, quark masses, form factors, decay con- 
stants, moments of light-cone distribution amplitudes) summarized in Table 1 of [239]. The uncertainty 
estimate is computed by adding in quadrature the individual parameter uncertainties. The result displays 
the anticipated pattern. The variation of the central value from the nearly universal contribution of ap- 
proximately exM is due to Re [C / P'^] , and the error comes primarily from this quantity. It is therefore 
dominated by the uncertainty in the hard-spectator scattering contribution to C, and the penguin annihi- 
lation contribution to P^. In general one expects the prediction of the asymmetry Sf in factorization to be 
more accurate than the prediction of the direct CP asymmetry C/, since Sf is determined by Re (a'j/a'j) 
which is large and calculated at next-to-leading order. The resultant error on ASf is roughly of the size of 
ASf itself. Quadratic addition of theoretical errors may not always lead to a conservative error estimate. 
Therefore we also perform a random scan of the allowed theory parameter space, taking the minimal and 
maximal value of an observable attained in this scan to define its predicted range. In doing so we discard 
all theoretical parameter sets which give CP-averaged branching fractions not compatible within 3 sigma 
with the experimental data, that is we require 8.1 < 10*^ Br (ir^K^) < 11.8, 2.5 < 10*^ Br (p^K^) < 8.2, 
5.3 < 10^ Br ((/)i^0) < 11.9, 2.9 < W^Br{ujK^) < 7.5, 0.2 < 10^Br(?7i^0) ^ 2.4. Note that we 
do not require the theoretical parameters to reproduce the rj'K^ branching fraction for reasons explained 
in [708]. The resulting ranges for ASf from a scan of 200000 theoretical parameter sets are shown in 
the columns labeled "ASf [Range]" in Table [35] It is seen that the ranges are not much different from 
those obtained by adding parameter uncertainties in quadrature - except for the 7]Ks final state. For 7]Ks 
large negative values of ASf originate from small regions of the parameter space, where by cancellations 
the leading penguin amplitude Pc becomes very small. This leads to large amplifications of C/P'^, and 
hence ASf. Except for the case of rjKs, these parameter space regions are excluded by the lower limits 
on the branching fractions. 

Factorization-based calculations of two-body final states with scalar mesons and three-body final 
states are on a less solid footing than the final states discussed above. The following estimates have been 
obtained for the three-kaon modes [711] 

^Sk+k-Ks = 0.061°;°^, ASksKsKs = 0.061°;°°. (160) 
The quoted error should be regarded with due caution. 

In conclusion, QCD calculations of the time-dependent CP asymmetry in hadronic 6 — > s tran- 
sitions yield only small corrections to the expectation —rjfSf sin(2/?). With the exception of the 
p^Ks final state the correction ASf is positive. The effect and theoretical uncertainty is particularly 
small for the two final states ipKs and rj'Ks [239]. The final-state dependence of ASf is ascribed to the 
colour-suppressed tree amplitude. It appears difficult to constrain ASf theory-independently by other 
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Table 36: Measured CP asymmetries in i?" 3P decays [493]. 



Mode 


sin(2/3'='*) 


Cf 


KsKsKs [598,720] 


0.51 ±0.21 


-0.23 ±0.15 


'K^'K^Ks [810] 


-0.84 ±0.71 ±0.08 


0.27 ±0.52 ±0.13 


K+K-Ks,L [717,719] 


0.58±0.13l[!;J^ 


0.15 ±0.09 



observables. In particular, the direct CP asymmetries or the charged decays corresponding to / = MKg 
probe hadronic quantities other than those relevant to A^j, if these observables take values in the ex- 
pected range. Here M stands for a charged light meson. Large deviations from expectations such as 
large direct CP asymmetries would clearly indicate a defect in our understanding of hadronic physics, 
but even then the quantitative implications for Sf would be unclear. A hadronic interpretation of large 
A5/ would probably involve an unknown long-distance effect that discriminates strongly between the 
up- and charm-penguin amplitude resulting in an enhancement of the up-penguin amplitude. No model 
is known that could plausibly produce such an effect. 

3.7.2 Theoretical estimates of A.Sfrom three-body decays 

While a possibility of constraining the CKM weak phase from three-body AS = I B decays has been 
raised a long time ago [712], a discussion of three-body final states as probes of CKM phase has gained 
more momentum only recently with the experimental advances. The present experimental situation that 
includes measurements of time-dependent CP asymmetries in — > KsKsKs, B^ — > -k^tt^Ks and 
B*^ Ks,L is summarized in Table [36] The quoted CP asymmetries are phase space (dps) 

integrated quantities with 

Here /+ is the CP-even component fraction, while Aj and Aj denote the A{B^ f) and A{B^ f) 
amplitudes respectively. While B^ KsKsKs and B^ -k^tt^Ks are decays into completely CP 
even final states [713], the decay B^ K^K^Ks has both components, but is still mostly CP-even 
with /+ ~ 0.9. This is obtained either from isospin analysis from B^ —^ KsKsKs decay assuming 
penguin dominance [714-718], or directly from angular analysis [719], in agreement with each other. 

A AS" = 1 B decay amplitude can be in general decomposed in terms of "tree" (~ V*fjVus) 
and "penguin" (~ V*jjVcs) contributions as shown in Eq. 11571 for the case of two-body B decays. An 
expression analogous to Eq. |158| holds for AS f, here given by 

ASf = sin 2/?^^ - sin 2/? = 2 cos 2/?sin7Re(C/), (162) 

where sin 2^'^^ is defined in eq. 1161 l and the ratio 

suitably averaged over the final phase space, replaces the ratio dj defined in the previous section for 
two-body decays. In addition, the direct CP asymmetries are given by 

C/ = -2sin7lm(^/). (164) 

The difference ASf was analysed using SU(3) flavor symmetries [714,721,722] and was cal- 
culated in a model-dependent way in Ref [711]. The approach is based on flavor SU(3) and exploits 
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the fact that the related AS = final states, /', are more sensitive to the "tree" amplitudes which are 
CKM enhanced when compared to the AS = 1 amplitudes, (because T4s < Vud)- However, "penguin" 
amplitudes are CKM suppressed (because Vcs Kd). This then leads to a bound on of the form 

where A = 0.22, af are the coefficients arising from SU{3) Clebsch-Gordan coefficients, and the sum 
is over AS* = final states /'. The bounds are better if less modes enter the sum, which can be achieved 
through a dynamical assumption of small annihilation-like amplitudes. This then gives 

^K+K-Ko < 1.02 [721], UsKsKs < 0.31 [722], (166) 

with bounds for a number of other modes listed in [721]. These are only very conservative upper bounds 
not at all indicative of the expected size ^/ ~ X^Tf/Pf. One also expects £,k+k-ko < CksKsKs, since 
in the latter case all the tree operator contributions are OZI suppressed as the final state does not contain 
valence u-quarks. This expectation was confirmed by a model-dependent calculation that combined 
QCD factorization with heavy-meson chiral perturbation theory [711]. This approach is valid only in a 
region of phase space where one of the light mesons is slow and the other two are very energetic, while 
for the remaining phase space a model for the form factors was used. Ref. [711] then obtains 

^SksKsKs = 0.02, ASk+k-Ks ^ O(O.l). (167) 

An argument exists that the latter could be smaller [723], but one should also keep in mind the comment 

at the end of the previous section. 

A different use of three-body final states is provided by the time-dependent Dalitz plot analysis 
with a fit to quasi-two body resonant modes. Interferences between resonances then fix relative strong 
phases giving additional experimental information. In this way BaBar was able to resolve the /3 — > 
7r/2 — (3 discrete ambiguity using a —>^ K~ Ks^l Dalitz plot analysis [724]. The interference 
of CP-even and CP-odd contributions leads to a cos 2f3^^ term (with ^ /? in the limit of no tree 
pollution). Another example is measuring phases of AI = 1 amplitudes of S — ^ (^*7'")7=i/2,3/2' 
Bs {K*K)i=i and Bs — > {K*K)i=i from resonance interferences in B ^ Ktttt and Bs KKtt. 
This then gives information on CKM parameters complementary to other methods [725-727]. Using 
SU(3) hadronic uncertainties due to electroweak penguin operators Og and Oio were shown to be very 
small \a B ^ K-ktt and Bg K-ktt and somewhat larger in Bg KKtt [727]. The first processes 
imply a precise linear relation between p and fj, with a measurable slope and an intercept at ^ = 
involving a theoretical error of 0.03. The decays Bg Ktttt permit a measurement of 7 involving a 
theoretical error below a degree. Furthermore, while time-dependence is required when studying B^ 
decays at the T{AS), it may not be needed when studying Bg decays at hadronic colUders. 

3.7.3 Flavour symmetries and estimates ofb^s transitions 

Decomposing the B MM amplitudes in terms of flavor SU(3) or isospin reduced matrix elements 
leads to relations between different amplitudes since the effective weak hamiltonian usually transform 
only under a subset of all possible representations [728]. The group theoretical approach based on 
reduced matrix elements [243, 729, 730] is equivalent to a diagrammatic approach of topological am- 
plitudes [731-735]. In the latter it is easier to introduce dynamical assumptions such as neglecting 
annihilation-like amplitudes. These were shown to be l/rub suppressed for decays into nonisosin- 
glets [736], while not all of them are l/rrih suppressed, if rj, r( occur in the final state (see Appendix 
C of [240]). 

The SU(3) approach has been used in global fits to the experimentally measured B PP and 
B —I- PV decays [737-746] in which both the values of hadronic parameters as well as the value of weak 
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phase 7 are determined. However, in order to obtain a stable fit a number of dynamical assumptions are 
needed. In the most recent fit to JB — > PP [741] t-quark dominance in penguin amplitudes and negligible 
annihilation-Uke topologies (also for isosinglets) were assumed. Both (3 and 7 were determined, with 
central values slightly above the CKMfitter and UTfit determinations. Allowing for a new weak phase in 
Pew for AS = 1 modes leads to statistically significant reduction of x^, while choosing this phase to 
be zero does give the size of |-Pew| in excellent agreement with the Neubert-Rosner relation [747-750]. 
A large strong phase difference arg(C/T) ~ —60° was found, while expected to be l/rrib suppressed 
from QCD factorization and SCET [220,239,751]. As stressed in Ref. [752] the direct CP asymmetries 
^Cp(-B*^ K~^7T~) and Acp{B~^ i^T+vr^) would be of the same sign for arg(C/r) small, which is 
excluded at 4.7(7 at present. 

Assumption of negligible annihilation topologies used in SU(3) fits can be tested by comparing 
B° ^ K^K°, B+ K+K^, where annihilation is CKM enhanced, with B+ K°7r+ [753, 754]. 
SU(3) breaking has been addressed in [741,755] showing a small effect on the values of extracted pa- 
rameters. Further tests of SU(3) breaking or searches of NP will be possible using Bg decays [756-758], 
with the first CDF measurement of Br{Bs K'^K^) leading the way [759]. Errors due to the 
dynamical assumptions can be reduced, if fits are made to only a subset of modes, e.g. to tttt, ttK 
[741,745,755,760-762]. Furthermore, dynamical assumptions can be avoided entirely, if only a set of 
modes related through U-spin is used [763,764]. This leads to stable fits, while giving 7 with a theoretical 
error of a few degrees [763]. Further studies of SU(3) breaking effects are called for, though. 

Because of the different CKM hierarchy of tree and penguin ampUtudes in A5 = 1 and A5 = 

decays, tree pollution in A5 = 1 decays can be bounded using SU(3) related AS = modes [714]. 
Correlated bounds on AS*/ and Cf for r]' Ks and tt^Ks final states have been presented in [765-768]. 
Such a model independent bound on AS^Ks ^'^^ available at present, since many more A5 = modes 
enter, some of which have not been measured yet [769]. 

Very precise relations between AS = 1 B ^ ttK CP asymmetries or decay rates can be ob- 
tained using isospin decompositions. The sum rule between decay widths T{K^tt~^) + r(i^''"7r~) = 
2T{K+TT^)+2T{K'^TT°) [770,771] (equivalent to i?„ = [772]) is violated by CKM doubly suppressed 
terms calculable inl/mi, expansion [220,239,240,751], while harder to calculate isospin-breaking cor- 
rections cancel to first order [773]. The sum rule A(if+7r-)-FA(if°7r+)-2A(if+7r°)-2A(K°7r°) = 
for the rate differences A(/) = T{B — ^ /) — T{B /) is valid in the isospin limit, and is thus violated 
by EWP. However, these corrections vanish in the SU(3), nib ^ 00 limit making the sum rule very 
precise [774]. 

3.7.4 Applications of U-spin symmetry to Ba and Bg decays 

The current data in B physics suggests that B^ decays agree well with SM predictions, while Bg decays 
remain poorly known and might be affected by New Physics. Within the Standard Model, the CKM 
mechanism correlates the electroweak part of these transitions, but quantitative predictions are difficult 
due to hadronic effects. The latter can be estimated relying on the approximate SU (3)-flavour symmetry 
of QCD : information on hadronic effects, extracted from data in one channel, can be exploited in other 
channels related by flavour symmetry, leading to more accurate predictions within the Standard Model. 

In addition to isospin symmetry, an interesting theoretical tool is provided by U -spin symmetry, 
which relates d- and s-quarks. Indeed, this symmetry holds for long- and short-distances and does not 
suffer from electroweak corrections, making it a valuable instrument to analyse processes with significant 
penguins and thus a potential sensitivity to New Physics. However, due to the significant difference 
nis — rrij, ?7-spin breaking corrections of order 30% may occur, depending on the processes. 

As a first application of ?7-spin, relations were obtained between B^ vr+vr" and Bg K^K~ . 
This led to correlations among the observables in the two decays such as branching ratios and CP asym- 
metries [756, 775] and to a prediction for BR{Bg K+K') = (SStao) ' ^^'^ ['761]- These results 
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helped to investigate the potential of such decays to discover New Physics [757, 776]. Unfortunately, 
the accuracy of the method is limited not only by the persistent discrepancy between Babar and Belle on 
Bd 7r''"7r~ CP asymmetries, but also by poorly known U-spin corrections. In these analyses, the ratio 

of tree contributions Rc = \T'^_^/T:^^\ was taken from QCD sum rules as 1.76 ± 0.17 [248] (updated to 
1.52^°;}^ [269]). In addition, the ratio of penguin-to-tree ratios ^ = \iPk±/TK±)/iP^±/T^±)\ was as- 
sumed equal to 1 [761] or 1 ±0.2 [757,776] in agreement with rough estimates within QCD factorisation 
(QCDF) [777]. 

Indeed QCDF may complement flavour symmetries by a more accurate study of short-distance 

effects. However, QCDF cannot predict some significant l/m^ -suppressed long-distance effects, which 
have to be estimated through models. Recently, it was proposed to combine QCDF and U -spin in the 
decays mediated by penguin operators B^, K'^K'^ and Eg K'^K^ [778]. 

First, tree (T'^^) and penguin (P'^'^) contributions to — *■ K^K^ can be determined by combining 
the currently available data with \T'^'^ — P"^^], which can be accurately computed in QCDF because 
long-distance effects, seen as infrared divergences, cancel in this difference. U -spin suggests accurate 
relations between these hadronic parameters in K^K^ and those in Bg K^K^. Actually, we 

expect similar long-distance effects since the K^K^ final state is invariant under the d-s exchange. Short 
distances are also related since the two processes are mediated by penguin operators through diagrams 
with the same topologies. ?7-spin breaking arises only in a few places : factorisable corrections encoded 
in / = [M^^F^''^^(0)]/[M^^F^<*^^(0)], and non-factorisable corrections from weak annihilation 
and spectator scattering. Because of these expected tight relations, QCDF can be relied upon to assess 
?7-spin breaking between the two decays. Indeed, up to the factorisable factor /, penguin (as well as tree) 
contributions to both decays are numerically very close. Penguins in B^ K^K^ and Bg K~^K~ 
should have very close values as well, whereas no such relation exists for the (CKM-suppressed) tree 
contribution to the latter, to be estimated in QCDF. 

These relations among hadronic parameters, inspired by ?7-spin considerations and quantified 
within QCD factorisation, can be exploited to determine the tree and penguin contributions to Bg KK 
decays and the corresponding observables. In particular, one gets BR{Bs K^K^) = (18 it 7 ± 4 it 
2)-10-6 andBR{Bs K+R-) = (20± 8 ±4± 2) • 10"^ in very good agreement with the latest CDF 
measurement. The same method provides significantly improved determinations of the ?7-spin breaking 
ratios ^ = 0.83 it 0.36 and i?c = 2.2 it 0.7. These results have been exploited to determine the impact 
of supersymmetric models on these decays [779]. 

New results on B ^ K form factors and on the B^ K^K^ branching ratio and direct CP- 
asymmetry should lead to a significant improvement of the predictions in the Bg sector. The potential of 
other pairs of nonleptonic B^ and Bg decays remains to be investigated. 

3.7.5 Applications of the RGI parametrization to b ^ s transitions 

Few general parametrizations of the AB = 1 hadronic amplitudes exist in the literature. Here we use the 
parametrization proposed in Ref . [780] which decomposes decay amphtudes in terms of Renormalization- 
Group-Invariant (RGI) parameters. For our purpose, we just need to recall a few basic facts about the 
classification of RGI's. First of all, we have six non-penguin parameters, containing only non-penguin 
contractions of the current-current operators Qi^2- emission parameters Ei^2, annihilation parameters 
Ai^2 and Zweig-suppressed emission-annihilation parameters EAi^2- Then, we have four parameters 
containing only penguin contractions of the current-current operators Qi^2 in the GIM-suppressed com- 
bination Qf 2 ~ Qi,2- Pp™ and Zweig suppressed P^JiY- Finally, we have four parameters containing 
penguin contractions of current-current operators 2 (the so-called charming penguins [781]) and all 
possible contractions of penguin operators Qs-u- Pi,2 and the Zweig-suppressed P3,4. In the following 
Zweig-suppressed parameters are neglected. We refer the reader to the original reference for details. We 



can then write schematically the b 



s decay amplitude as: 
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where Tj = {Ei, Ai, EAi} are not present in pure-penguin decays. 

The idea developed in Refs. [782] is to write down the RGI parameters as the sum of their ex- 
pression in the infinite mass limit, for example using QCD factorization, plus an arbitrary contribution 
corresponding to subleading terms in the power expansion. These additional contributions are then de- 
termined by a fit to the experimental data. In 6 ^ s penguins, the dominant power-suppressed correction 
is given by charming penguins, and the corresponding parameter can be determined with high precision 
from data and is found to be compatible with a K/ni}, correction to factorization [782]. However, non- 
dominant corrections, for example GIM penguin parameters in 6 ^ s decays, can be extracted from 
data only in a few cases (for example in i? ^ K-k decays). Yet predictions for AS'j depend crucially 
on these corrections, so that one needs external input to constrain them. One interesting avenue is to 
extract the support of GIM penguins from S'C/(3)-related channels (6 — > d penguins) in which they are 
not Cabibbo-suppressed, and to use this support, including a possible large SU{'i) breaking of 100%, 
in the fit of 6 — > s penguin decays. Alternatively, one can omit the calculation in factorization and fit 
directly the RGI parameters from the experimental data, instead of fitting the power-suppressed correc- 
tions [593,783]. 

Compared to factorization approaches, general parameterizations have less predictive power but 
are more general. In particular, they tend to overestimate the theoretical uncertainty and are thus best 
suited to search for NP in a conservative way. In addition, these methods have the advantage that for sev- 
eral channels the predicted AS' decreases with the experimental uncertainty in i?i?'s and CP asymmetries 
of 6 — > s and S'C/(3)-related b ^ d penguins. 
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Fig. 37: CP asymmetries for B Ktt decays, obtained varying subdominant contributions in the range [0, UV], 
with the upper value UV scanned between zero and one (in units of Ei). For comparison, the experimental 68% 
(95%) probability range is given by the dark (light) band. 



In the analysis reported here [88,784], we vary the absolute values of the subdominant amplitudes 
in the range [0, UL] (while the phases are unconstrained) and study the dependence of the predictions on 
the upper hmit UL. For example we show in Fig. [37] the effect of changing the upper limit of the range 
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in which subdominant terms aie varied on the prediction of some observables in B ^ Kn decays. It can 
be seen that reasonable subdominant terms make any Kit puzzle disappear. Furthermore, the prediction 
of Sj^oKg has small theoretical error and is quite stable against the effect of subdominant terms. 

In Table [37] we collect predictions for A 5/ obtained using the method sketched above for UL = 
0.5 (in units of the leading amplitude), as suggested by the SU (3)-related modes B KK. Notice that 
the theoretical uncertainty is smaller for B —>^ tt^Ks because the number of observables in the B —>■ Kit 
system is sufficient to constrain efficiently the hadronic parameters. This means that the theoretical error 
can be kept under control by improving the experimental data in these channels. On the other hand, the 
information on i? — > (pKs is not sufficient to bound the subleading terms and this results in a relatively 
large theoretical uncertainty that cannot be decreased without additional input on hadronic parameters. 
Furthermore, using SU (3) to constrain AS^Ks difficult because the number of amplitudes involved is 
very large [243,721,722,769]. 

Table 37: Predictions for ASf using the RGI parametrization. 

AS^OK,. (2.4 ± 5.9) X 10-2 ASn'Ks (-0-7 ± 5.4) x IQ-^ 
AS^Ks (0-4 ± 9.2) X 10-2 ASpOKs (-6.2 ± 8.4) x IQ-^ 
ASu;Ks (5-6 ± 10.7) X 10-2 

The ideal situation would be represented by a pure penguin decay for which the information on 
pGiM available with minimal theoretical input. Such situation is realized by the pure penguin decays 

upper bound for the p^^^ entering this amplitude can be obtained from the 
5C/(3)-related channels B^ K^(*)K^(*). Then, even adding a generous 100% SU{3) breaking and 
an arbitrary strong phase, it is possible to have full control over the theoretical error in AS [783]. 

3.7.6 b — ^ s transitions in the MSSM 

In this section we discuss phenomenological effects of the new sources of flavor and CP violation in 
6 — > s processes that arise in the squark sector [104, 108, 109,785-804] of the Minimal Supersymmetric 
Standard Model (MSSM). In general, in the MSSM squark masses are neither flavor-universal, nor are 
they aligned to quark masses, so that they are not flavor diagonal in the super-CKM basis, in which quark 
masses are diagonal and all neutral current vertices are flavor diagonal. The ratios of off-diagonal squark 
mass terms to the average squark mass define four new sources of flavor violation in the 6 — > s sector: the 
mass insertions {623)ab, with A, B = L, R referring to the helicity of the corresponding quarks. These 
(5's are in general complex, so that they also violate CP. One can think of them as additional CKM-type 
mixings arising from the SUSY sector. Assuming that the dominant SUSY contribution comes from 
the strong interaction sector, i.e. from gluino exchange, all FCNC processes can be computed in terms 
of the SM parameters plus the four 6's plus the relevant SUSY parameters: the gluino mass nig, the 
average squark mass rrig, tan /? and the fi parameter. The impact of additional SUSY contributions such 
as chargino exchange has been discussed in detail in Ref. [797]. We consider only the case of small or 
moderate tan /?, since for large tan /? the constraints from Bg —>■ fi^fi'^ and Am^ preclude the possibility 
of having large effects inb s hadronic penguin decays [28, 29, 32, 34, 1 14, 1 15, 794]. 

Barring accidental cancellations, one can consider one single 6 parameter, fix the SUSY masses 
and study the phenomenology. The constraints on 5's come at present from B — > Xg'y, B —>■ Xgl^l^ 
and from the Bg — Bs mixing amplitude. We refer the reader to refs. [88, 107, 1 16, 805] for all the details 
and results of this analysis. 

Fixing as an example rUg = rriq = |/i| = 350 GeV and tan/3 = 3, one obtains the following 
constraints on (5's: 

< 2 X W-\ |(4)rr| < 7 X 10-\ |(4)rl,lr| < 5 x lO-^. (169) 
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Notice that all constraints scale approximately linearly with the squark and gluino masses. 
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Fig. 38: Probability density functions for 5*0^^ , St^ok^ . SjfK^ and S^k^ induced by ((^23)ab with A,B = {L, B}. 



Having the present experimental bounds on the 6's, we can turn to the evaluation of the time- 
dependent CP asymmetries. The uncertainty in the calculation of SUSY effects is larger than the SM 
one. Following ref. [107], we use QCDF enlarging the range for power-suppressed contributions to an- 
nihilation chosen in Ref. [239] as suggested in Ref. [806]. We warn the reader about the large theoretical 
uncertainties that affect this evaluation. 

In Fig. [38] we present the results for S^x^. S^^ok^, Sj^'k^ and S^k^- They do not show a sizable 
dependence on the sign of fi or on tan /3 for the chosen range of SUSY parameters. We see that: 

- deviations from the SM expectations are possible in all channels, and the present experimental 
central values can be reproduced; 

- deviations are more easily generated by LR and RL insertions, due to the enhancement mechanism 
discussed above; 
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- as noticed in refs. [807, 808], the correlation between Spp and Spy depends on the chirality of 
the NP contributions. For example, we show in Fig. [39] the correlation between Sks4) and S^^^o 
for the four possible choices for mass insertions. We see that the Sks^ and Sx^nO are correlated 
for LL and LR mass insertions, and anticorrelated for RL and RR mass insertions. 

An interesting issue is the scaling of SUSY effects in Sj with squark and gluino masses. Similarly 
to the constraints from other processes, the dominant SUSY contribution to 5/ scales linearly with SUSY 
masses as long as rrig ~ niq ~ fi. This means that there is no decoupling of SUSY contributions to Sf as 
long as the constraints from other processes can be satisfied with 6 < I. The bounds on LL and RR mass 
insertions quickly reach the physical boundary at (5 = 1. On the other hand, LR and RL are well below 
that bound. Chirality flipping LR and RL mass insertions cannot become too large in order to avoid 
charge and color breaking minima and unbounded from below directions in the scalar potential [809]. 
Nevertheless, it is easy to check that the flavor bounds used above ai^e stronger for SUSY masses above 
the TeV scale. We conclude that LR and RL mass insertions can give observable effects to Sj for SUSY 
masses within the reach of LHC and even above. 
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Fig. 39: Correlation between S^k^ and S.^ox, for LL, LR, RL and RR mass insertions. 



3. 7. 7 Experimental status and future prospects for time-dependent CP violation in hadronic b — ^ 
s{d) transitions 

CP asymmetries in and Bs decays that are governed by the b ^ s transition are very sensitive to new 
CP- violating phases beyond the Standard Model (SM). There are a few golden modes that are practically 
free from hadronic uncertainties; examples include B^ —>■ (j)K^, r]'Kg, KgKgKg and B^ —>■ 00, see 
Figure HO] Precise measurements for these decays have been among the most important topics of quark 
flavor physics in the last few years, and will also remain crucially important in the future. 




Fig. 40: The penguin diagrams for the hadronic i?" and i?" decays such as i?" — > 'pKg, — > rj' (left) and 
B," (p<t> (right). 

At the B factories, the decay chain T(4S') B^B^ fcpfta.g is used to measure time- 
dependent CP asymmetries, where one of the B mesons decays at time tcp to a. final state fcp and 



the other decays at time ttag to a final state /tag that distinguishes between and B^. The rate of this 
decay chain has a time dependence [616, 617] given by 



V{At) 



5sin(AmdAt) + Acos{AmiiAt) 



(170) 



Here S and A are CP-violation parameters, r^o is the B^ lifetime, Anid is the mass difference between 
the two B^ mass eigenstates. At = tcp — ttag> and the 6-flavor charge g = +1 (—1) when the tagging B 
meson is a B^ (B^). To a good approximation, the SM predicts S = —^fs'mlcpi and ^ = for both 
tree transitions (e.g. b —>■ ccs) and penguin transitions (e.g. b —>■ sss) unless Vub or Vtd is involved in the 
decay amplitude. Here = 1) corresponds to CP-even (-odd) final states. 

BaBar and Belle have accumulated more than 10^ BB pairs with both experiments combined, 
and have measured time-dependent CP asymmetries in various B^ decays that are dominated by the 
6 — > s transition. Details of the measurements are described elsewhere [598,717,720,724,810-813]; 
we here explain the essence of the measurements briefly. Branching fractions for these charmless decay 
modes are typically around 10^^ ignoring daughter branching fractions. Efficient continuum suppression 
using sophisticated techniques such as Fisher discriminants, likelihood ratios and neural network has 
been performed to keep a reasonable signal-to-noise ratio. The flavor of the accompanying B meson 
is identified from inclusive properties of remaining particles; information from primary and secondary 
leptons, charged kaons, A baryons, slow and fast pions is combined by using a neural network (BaBar) 
or a lookup-table (Belle). A typical effective efficiency for flavor tagging is 30% in both cases. Good 
understanding of the vertex resolution function is obtained by using large-statistics control samples such 
as i? ^ D^*^Tr, D*lv etc. Lifetime and mixing measurements with a precision of 0(1)% are obtained 
as byproducts. 
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Fig. 41: Summary of experimental results on time-dependent CP asymmetries from BaBar and Belle as of August 
2007. 



The present status of the measurements is summarized in Fig. |4T] Although the result for each 
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individual mode does not significandy differ from the SM expectation (i.e. Sj/^x^), most of the S values 
are smaller than the SM expectation. When all the b s modes are combined, the result differs from 
the SM expectation by l.lcr.'^ Combining the results of all the b ^ s modes is naive as the theoretical 
uncerainties vary considerably amongst the modes. Much more data are needed to firmly establish a new 
CP- violating phase beyond the SM for each golden mode. 

Measurements of the A terms yield values consistent with zero, i.e. consistent with the SM at 
the moment. Non-zero A requires a strong phase difference between the SM amplitude and the NP 
amplitude. Therefore it is possible to observe significant deviations from the SM for S while A is 
consistent with zero. Also, since A is not calculable precisely, in general it is hard to obtain quantitative 
information from the measurements of A terms. An exception is the K^tt^ decay. Thanks to 

a precise sum rule based on the isospin symmetry [774], the value for A^Ot^o can be predicted within 
the SM from measurements of branching fractions and CP asymmetries of the other B —>■ Kir decays; 
Aj^Ot^o = —0.16 ± 0.04 is predicted while measurements yield ,A^o^o = —0.12 it 0.11. 

Due to further CKM-suppression, CP asymmetry measurements for modes dominated by the 
b —>■ d transition require even higher statistics than those required for the studies of the b ^ s transition. 
The only measurement available at the moment is Sqo_,xOk° — "^-^^-o 73^0 i6 [^1^]' where the first 
error is statistic and the second error is systematic. 

In the near future the LHCb experiment will probe new CP violating phases beyond the Standard 
Model in 6 — > s transitions. With the copious production of B^ mesons LHCb will be able to study 
b s transitions using the the decay B^ —>■ 00, see Figure |40l In the Standard Model the CP violating 
phase for B^ — > 00 is expected to be very close to zero as there is a cancellation of the B^ mixing 
and decay phases [815]. 

In the LHCb experiment the reconstruction efficiency for B'^ — > 00 is expected to be larger than 
for B^ —>■ (pKg which compensates for the four times smaller fraction of 6-quarks to hadronise into a B^ 
meson. In addition, flavour tagging is also favourable for B^ decays where the same-side kaon tagging 
contributes significantly to the effective flavour tagging efficiency. From a full simulation LHCb expects 
a yield of 3100 reconstruced B^ — > 00 events in a 2 fb~^ data sample with a background to signal ratio 
B/S < 0.8 at 90% C.L [816]. The S^j,^ sensitivity has been studied using a toy Monte Carlo, taking the 
resolutions and acceptances from the full simulation. A unbinned likelihood fit is performed on 500 toy 
data sets. This is used to extract S^ff, and all other physical parameters which cannot be determined from 
elsewhere. In a 2 fb~^ data set can be measured with a precision of a{S^^) = 0.11 (statistical error 
only). After about 5 years of data taking, LHCb is expected to accumulate a data sample of 10 fb^^ 
which will give a statistical uncertainty of a{S^^) = 0.05 [816]. 

Table 38: CP reach at LHCb [1025] and at a Super-B factory for the 6 — > s decay modes that are theoretically 
cleanest. The estimated accuracy from the B factories (2 ab^^) is given for comparison. We assume an integrated 
luminosity of 10 fb^^ for LHCb and 50 ab^^ for a super B factory, which are the goals of the experiments. Errors 
for LHCb are statistical only. Projections for the super B factory are from Ref. [818] and include both statistical 
and systematic uncertainties and Asin 20i = sin 20i''* — sin 20i . 



Mode 


Observable 


B Factories 


LHCb 


Super B Factory 






2ab-i 


10 fb~^ 


50 ab-i 


B^ (l)K^ 


Asin 201 


0.13 


0.10 


0.029 


B° r]'K^ 


Asin 201 


0.05 




0.020 




Asin 201 


0.15 




0.037 


po ^ 00 






0.05 





'^Due to the highly non-Gaussian errors of the result from — > foK^ with fo tv^-k , and the fact that this result has a 
significant effect on the of ths nave 6 ^ s penguin average, this outlying point is excluded. 
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In a similar study LHCb investigated the decay B (f'Kg. A yield of 920 events is expected in 
2 fb^^ of integrated luminosity with a background to signal ratio 0.3 < < 1.1 at 90% C.L. The 
sensitivity for the CP violating asymmetry sin 2/3^''^ is 0.23 (0.10) in a 2 (10) fb^^ data sample [817]. 

Table[38] lists the expected CP reach at LHCb and a Super-5 factory for the theoretically cleanest 
b ^ s decay modes. We expect that the precision will be better by an order of magnitude than now. Such 
measurements will thus allow us to detect effects from physics beyond the SM even if the mass scale of 
the new physics is 0(1) TeV. 

3.7.8 Two body hadronic B decay results from the B-factories 

This class of B decays manifests a wide range of interesting phenomenon, from direct CP violation, 
broken SU(3) symmetry constraints on the standard model uncertainties in measurements of the unitarity 
triangle angles, to the amplitude hierarchy found in decays to final states containing two spin one particles 
(vector or axial-vector mesons, V and A, respectively). 

The only direct CP violation signal observed by the 5-factories is in the 5° K^t:^ channel. 
In contrast to the small effect observed in kaon decay, the direct CP asymmetry in B^ —>■ K^ir^ is 
large: —0.093 ± 0.015 [609, 819]. The quest for additional signals of direct CP violation in B meson 
decays is ongoing in a plethora of different channels [493]. The next goals of the Z?-factories are to 
observe direct CP violation in the decay of B^ mesons and other B^ channels. 

The i?-factories have recently observed CPV in B^ rj'K^ decays [598, 813]. These h ^ s 
penguin processes are probes of NP, and have the most precisely measured time-dependent CP asym- 
metry parameters of all of the penguin modes. Any deviation AS" of the measured asymmetry param- 
eter Sy^i^o from sin 2/3 is an indication of NP (For example, see [498, 820]). In addition to relying 
on theoretical calculations of the SM pollution to these decays [240,708,711], it is possible to exper- 
imentally constrain the SM pollution using SU(3) symmetry [765]. This requires precision knowledge 
of the branching fractions of the B^ meson decays to the following pseudo-scalar pseudo-scalar (PP) 
final states tt^tt^ ,7r^r],7r^7]' ,r]r],r]'r],r]'r]' final states [821,822]. The related decays Bu ,i —>■ r]'p and 
Bu,d — ^ rj'K* [823, 824] can also be used to understand the standard model contributions to B'^ rj'K^ 
decays and the hierarchy of r]K'^ to r]'K^ decays. 

The angular analysis of B VV decays provides eleven observables (six amplitudes and five 
relative phases) that can be used to test theoretical calculations [600]. The hierarchy of Aq, A^, and yl_ 
amplitudes obtained from a helicity (or ^o. and A± in the transversity basis) analysis of such decays 
allows one to search for possible right handed currents in any NP contribution to the total amplitude. 
For low statistics studies a simplified angular analysis is performed where one measures the fraction of 
longitudinally polarised events defined as = |^oP/Z] Tree dominated decays such as B^ —>■ 

p^p~ have /l ~ 1.0 [825, 826]. Current data for penguin dominated processes (</)i^*(892) [827, 828], 
K*{SS)2)p [829,830]) that are observed to have non trivial values of fi can be accommodated in the SM. 
In addition to this, one can search for T-odd CP violating asymmetries in triple products constructed 
from the angular distributions [831]. It has also been suggested that non-standard model effects could be 
manifest in a number of other observables [832]. The measured rates of electroweak penguin dominated 
B decays to final states involving a (j) meson are also probes of NP [833]. The study oi B ^ AV decays 
also provides this rich set of observables to study, however current results only yield an upper limit on 
B^ afp"^ decays [834]. BaBj^ have recently studied the angular distribution for the vector-tensor 
decay Bj (j)K* (1430) [827]. 

3.7.9 B ^ h+ h'- decays at LHCb 

The charmless decays of B mesons to two-body modes have been extensively studied at the S-factories. 
Even if the current knowledge in the Bd and Bu sectors starts to be quite constrained, the Bg sector 
still remains an open field. At present, by using a displaced vertex trigger, CDF has already collected 
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Fig. 42: Left: tt+tt invariant mass distribution for B h^h decays expected at LHCb, obtained without 
using PID information. Right: same plot after PID cuts are applied. 



Channel 


Assumed BR 


Annual yield 


B/S (combinatorial) 


B/S (two-body) 


5^ ^ vr+vr- 


4.8 


36000 


0.46 


0.08 


K+TT- 


18.5 


138000 


0.14 


0.02 


5^ ^ TT+K- 


4.8 


10000 


1.92 


0.54 


B'i K+K- 


18.5 


36000 


< 0.06 


0.08 


Ab pvr" 


4.8 


9000 


1.66 


0.11 


Ab pK~ 


18.5 


32000 


< 0.08 


0.02 



Table 39: Annual yields and background-to-signal ratios for B h^h' decays at LHCb [836]. 



an interesting sample of B ^ h^h'^ decays [835], providing a first observation of the two-body mode 
Bg — > K^K^ . However it will most likely not be able to perform precision measurements of the time 
dependent CP asymmetry of the Bg —>■ K^K^ decay. 

The LHCb experiment, thanks to the large beauty production cross section at the LHC and to 
its excellent vertexing and triggering capabilities, will be able to collect huge samples of i? ^ h~^h'~ 
decays [836]. Furthermore, its particle identification system, composed in particular by two RICH de- 
tectors, will allow to disentangle the various B h^h'^ modes with a purity exceeding 90% as well as 
high efficiency. The PID capabilities of LHCb are clearly visible in Fig. |42j which shows the distribution 
of the vr+vr^ invariant mass from IVIonte Carlo samples of B ^ h^h'^ modes, before and after the 
employment of the PID information. 

In order to calibrate the PID response, LHCb will make use of a dedicated trigger line - not making 
use of PID information in order not to introduce biases - intended to collect very large samples of D* 
decay chains to charged kaons and pions. In order to reject combinatorial background, the event selection 
is based on a series of cuts, optimized by means of a multivariate technique, which include the transverse 
momenta and the impact parameter significances of the charged legs with respect to the primary vertex, 
the of the common vertex fit, the transverse momentum, the impact parameter significance and the 
distance of flight significance of the the candidate b-hadron and the invariant mass (the resolution for 
the B —>■ h^h'~ modes is expected to be about 18 IVIeV/c^). The event yields and background-to-signal 
ratios estimated using a full GEANT4 based simulation are reported in Table |39l 

In order to measure CP violation from the time dependent CP asymmetries, other key ingredients 
are the tagging capability and the propertime resolution, the latter being particularly relevant to resolve 
the fast Bg oscillations. The effective tagging power for a B^ decay at LHCb, according to full simula- 
tions, is expected to be about 5%, while for a Bg decay it is significantly larger, due to the larger efficiency 
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of the same side kaon tagging, and is about 9%. The calibration of the tagging power for B —>■ h^h'^ 
modes will be performed by using the flavour specific modes —>■ A'+vr^ and Bg — > tt^K^. As far 
as the propertime resolution is concerned, it is predicted by the full simulation to be about 40 fs, and it 
will be calibrated on data by using large samples of J/tjj ^ decays, collected through a dedicated 

di-muon trigger line thought not to introduce biases in the J/V' propertime. 

The direct CP asymmetries of the flavour specific B h^h'~ modes can be measured without a 
time dependent fit, and without the need of tagging the B meson. The statistical sensitivity on the charge 
asymmetry, corresponding to a running time of 10^ s at the nominal LHCb luminosity 2 • 10^^ cm~^ 
("one nominal LHCb year" in the following) is 0.003 for the Bd — > K~^-k~ decay and 0.02 for the Bg —>■ 
TT^K^ decay. In order to extract the direct (C) and mixing-induced (S) CP violation terms from the time 
dependent decay rates of the Bd vr+vr^ and Bg K^K^ and estimate the statistical sensitivity, 
we performed unbinned maximum likelihood fits on fast Monte Carlo data sets which parametrize the 
decay rates according to the outcomes of the full simulation. The expected sensitivity for C and S, 
con^esponding to one nominal LHCb year, both for the Bd —>■ tt^tt^ and Bg —>■ K^K~ channels, is 
about 0.04. 

According to the method proposed in [775], the employment of the U-spin symmetry allows to 
combine the measurements of C and S for the Bd —>■ tt+tt^ and Bs —>■ K^K^ modes in order to extract 
the 7 angle. Assuming a perfect U-spin symmetry, we predict a sensitivity on 7 for a nominal LHCb 
year around 5°. If a 20% U-spin breaking is taken into account, the sensitivity deteriorates up to about 
10°, still not spoiling the method of its predictive capabilities on 7. Being these modes characterized by 
the presence of loops inside the penguins, they could reveal New Physics effects, pointing to a value of 
7 in contrast with the one determined from pure tree-level decays, such as i? — > DK modes. 

In Table [39] LHCb also reports expected yields for Af, baryon decays. An additional application of 
the A5 baryon that has been considered is testing CP and T symmetries using the decay modes A;, KV 
where V = J/iIj, p^,u!. This is discussed in Ref. [837]. 
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3.8 Kaon decays 
3.8.1 Introduction 

The rare decays tt^vu and tt^uv play an important role in the search for the underlying 

mechanism of flavour mixing and CP violation [838-841]. As such they are excellent probes of physics 
beyond the Standard Model (SM). Among the many rare K- and i?-decays, the —>■ vr+z^P and 
Kl — > TT^ui' modes are unique since their SM branching ratios can be computed to an exceptionally 
high degree of precision, not matched by any other flavour-changing neutral current (FCNC) process 
involving quarks. 

The main reason for the exceptional theoretical cleanness of the ir^vu and Ki -k^vv 

decays is the fact that, within the SM, these processes are mediated by electroweak amplitudes of 0{G'^p), 
described by Z*^ -penguins and box diagrams which exhibit a power-like GIM mechanism. This property 
implies a severe suppression of non-perturbative effects, which is generally not the case for meson de- 
cays receiving contributions of OiGpOis) (gluon penguins) and/or 0{GFO.em) (photon penguins), which 
therefore have only a logarithmic GIM mechanism. A related important virtue, following from this pe- 
culiar electroweak structure, is the fact that K —>■ ttvv amplitudes can be described in terms of a single 
effective operator, namely 

QZ = {sLrdL){uLl^.yL) . (171) 

The hadronic matrix elements of Q"J^ relevant for K — > -kvi? amplitudes can be extracted directly from 
the well-measured ir^e^v decay, including the leading isospin breaking (IB) corrections [842]. 

The estimation of the matrix elements is improved and extended [843] beyond the leading order analysis. 

In the case of Kl —>■ -k^vv, which is CP-violating and dominated by the dimension-six top quark 
contribution, the SM Short-Distance (SD) dynamics is then encoded in a perturbatively calculable real 
function X that multiplies the CKM factor At = V^^Vtd- In the case of A'+ -k^vu also a charm 
quark contribution proportional to Ac = Vested has to be taken into account, but the recent NNLO QCD 
calculation of the dimension-six charm quark corrections [844, 845] and the progress in the evaluation of 
dimension-eight charm and long-distance (LD) up quark effects [846] elevated the theoretical cleanness 
of TT^vu almost to the level of Kl tt^vv. More details will be given in Section [3.8.2l 

The important virtue of i^T —> -kvi? decays is that their clean theoretical character remains valid in 
essentially all extensions of the SM and that Q^, due to the special properties of the neutrinos, remains 
the only relevant operator. Consequently, in most SM extensions the New Physics (NP) contributions 
to TT^uv and Kl — > ■k'^vv can be parametrized in a model-independent manner by just two 

parameters, the magnitude and the phase of the function [847] 

X = |X|e*^-^ , (172) 

that multiplies \t in the relevant effective Hamiltonian. In the SM, |X| = Xsm and Ox = 0. 

The parameters \X\ and 6x can be extracted from B{Kl tt^uu) and B{K^ t:^vu) with- 
out hadronic uncertainties, while the function X can be calculated in any extension of the SM within 
perturbation theory. Of particular interest is the ratio 



B{Kl vrOi/z^)sM 



X 



sm(/? - Ox) 
sin/3 



(173) 



Bearing in mind that j3 21.4°, Eq. (11731 ) shows that Kl —>■ tt^vv is a very sensitive function of the 
new phase Ox- The pattern of the two K -kvv branching ratios as a function of Ox is illustrated in 
Fig. l43b . We note that the ratio of the two modes shown in Fig. l43b depends very mildly on |X| and 
therefore provides an excellent tool to extract the non-standard CP- violating phase Ox- 

An interesting and complementary window to | A^l = 1 SD transitions is provided by the — > 
■K^l'^l~ system {I = /i, e). While the latter is theoretically not as clean as the K -kvv system, it is 
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Fig. 43: a) B{K+ n+iyD) vs. B{Kl TT°iyP) for various values of Px = l3-9x (including E949 data) [761]. 
The dotted horizontal lines indicate the lower part of the experimental range [848-850] and the grey area the SM 
prediction. We also show the Grossman-Nir (GN) bound [851]. b) The ratio of the K nvv branching ratios as 
a function of (3x for \X\ = 1.25, 1.5, 2.0. The horizontal line is again the GN bound. 



sensitive to different types of SD operators. The Ki — > ■K^i'^H.'^ decay amplitudes have three main ingre- 
dients: i) a clean direct-CP-violating (CPV) component determined by SD dynamics; ii) an indirect-CPV 
term due to K^-K^ mixing; iii) a LD CP-conserving (CPC) component due to two-photon intermediate 
states. Although generated by very different dynamics, these three components are of comparable size 
and can be computed (or indirectly determined) to good accuracy within the SM [852,853]. In the pres- 
ence of non-vanishing NP contributions, the combined measurements of ii' ^ -kvv and Kl — > 'K^l'^i~ 
decays provide a unique tool to distinguish among different NP models. 

The following discussion concentrates on the K —>■ ttvu and Kl —>■ ir'^i^i" decays in the SM 
(Section 13.8.21 and Section 13.8.31) and its most popular extensions (Sections 13.8.41 and 13.8.51) . In Sec- 
tion [3321 we stress the complementarity of K- and S-physics as well as the interplay with the high-pT 
physics at the LHC. Recent theoretical updates on kaon decays are found in [854-856]. Experimen- 
tal programs at CERN and J-PARC are described in Section [3. 8.71 and Section [3.8.81 respectively. The 
current experimental status is summarized in Table [40| 



B{K+ TT+UV) 


B{Kl tt'^uv) 


B{Kl TT^e+e-) 


b{Kl ^ 


(1.47lii^) • 10-^^ 


< 6.7- 10~*^ 


< 2.8 • 10-^^ 


< 3.8 • 10~^^ 


[848-850] 


[857] 


[858] 


[859] 



Table 40: Current experimental results or limits for rare K decay branching fractions. 



3.8.2 K+ 77+ vP and Kl tt^uP in the SM 

After summation over the three lepton families the SM branching ratios for the K — > ttuu decays can be 



written as 



B{Kl Vr°l/Z^)sM = 



ImAf 



X 



SM 



(174) 



(175) 



where A = | | , while k+ = (5.26±0.06)-10-ii (A/0.225)^ and = (2.29±0.03)-10-i° (A/0.225)S 
[860] include the leading IB corrections in relating K irvv to K+ TT^e+u [842]. The dimension- 
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six top quark contribution Xsm = 1-464 ± 0.041 [844, 845] accounts for around 63% and almost 100% 
of the total rates. It is known to NLO [547,548], with a scale uncertainty of about 1%. In —>■ tt^vv, 
dimension-six charm quark corrections and subleading dimension-eight charm and LD up quark effects, 
characterized by = 0.38 ±0.04 [844,845] and 5Pc,u = 0.04 ±0.02 [846], amount to a moderate 33% 
and a mere 4%. Light quark contributions are negligible in the case of the Kl —>■ tt^vv decay [861]. 

Taking into account all the indirect constraints from the latest global unitarity triangle (UT) fit, the 
SM predictions for the two K — > ttvv rates read 

B{K+ TT^vv)sM = (8.4 ± 1.0) • 10"^^ , B{Kl tt^vv)sm = (2.7 ± 0.4) • 10"" . (176) 

The quoted central value of -k^vv corresponds to nic = 1.3 GeV and the given error breaks 

down as follows: residual scale uncertainties (13%), mc (22%), CKM, a^, and mt (37%), and matrix- 
elements from —>■ -K^e^v and light quark contributions (28%). The main source of uncertainty in 
Ki^ — > Ti^vv is parametric (74%), while the impact of scales (11%) and IB (15%) is subdominant. SM 
predictions for K -kvv with total uncertainties at the level of 5% or below are thus possible through 
a better knowledge of nic, of the IB in the K ^ -k form factors, and/or by a lattice study [862] of 
higher-dimensional and LD contributions. 

While the determination of \Vtd\, sin 2/3, and 7 from the K -kvv system is without doubt still 
of interest, with the slow progress in measuring the relevant branching ratios and much faster progress 
in the extraction of the angle 7 from the Bs —>■ DK system to be expected at the LHC, the role of 
the K — > TTvv system will shift towards the search for NP rather than the determination of the CKM 
parameters. 

In fact, determining the UT from tree-level dominated K- and i?-decays and thus independently 
of NP will allow to find the "true" values of the CKM parameters. Inserting these, hopefully accurate, 
values in Eqs. (11741 ) and (11751 ) will allow to obtain very precise SM predictions for the rates of both rare 
iT-decays. A comparison with future data on K ttvv may then give a clear signal of potential NP 
contributions in a theoretically clean environment. Even deviations by 20% from the SM expectations 
could be considered as signals of NP, while such a conclusion cannot be drawn in most other decays, in 
which the theoretical errors are at least 10%. 

3.8.3 Kl 7r°£+£- in the SM 

As mentioned in the introduction, the — > 7r^£~^£~ amplitudes have three main components. The inter- 
esting direct-CPV component, proportional to Im A^, is generated by Z"-, 7-penguins and box diagrams 
and is SD dominated. It is encoded by local dimension-six vector Qjy = {sd)v{£i)v and axial- vector 
QiA = {sd)v{££)A operators, whose Wilson coefficients y7v,7A are known to NLO [863]. The former 
produces the pair in a 1 state, the latter both in 1++ and states. As in the K ttvV case, 
the corresponding hadronic matrix elements are obtained precisely from K^^ decays [842]. 

The other two components are of electromagnetic origin and are dominated by LD dynamics. 
These contributions cannot be computed from first principles. However, they can be related to measurable 
quantities within Chiral Perturbation Theory (CHPT). The indirect CPV amplitude, A{Kl eKi —>■ 
71*^7* 7r'^£+£~) is determined [864] — up to a sign ambiguity — by the measurements of B{Ks —>■ 
7r^£~^£~). In this case the £'^£^ pair is produced in a 1 state and interferes with the SD contribution of 
Qrv- As discussed in [852, 865], various theoretical arguments point toward a constructive interference. 
Finally, the CPC contribution (Kl — > 7r*^7*7* — > 7r^£~^£~) produces the £^£~ pair either in a helicity- 
suppressed 0^+ state or in a phase-space suppressed 2++ state. Within CHPT, only the 0^+ state is 
produced at LO through the finite two-loop process —>■ tt'^P+P" —>■ tt^jj —>■ 7r^£'^£^ {P = it, K). 
Higher-order corrections are estimated using Kl tt^jj experimental data for both the 0^+ and 2++ 
contributions [852,853]. 
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-^^ 


fit 

mix 


ft. 


£ = e (4.62 ± 0.24) {w'^y + w;^^) 
£ = H (1.09 ± 0.05) (u)?^ + 2.32ty2^) 


(11.3 ±0.3) u;7v/ 
(2.63 ±0.06) W7V 


14.5 ±0.5, 
3.36 ± 0.20 


^ 
5.2 ±1.6 



Table 41: Numerical coefficients for the evaluation of B{Kl n'^t^l ) as given in Eq. ( 11771 ). 



Altogether, the branching ratios can be expressed as [852, 853]: 

B(Kl - TT^i+r) = (CL ± CL \as\ ± Ci„ \as\'' + C'^,) ■ lO'^^ , (177) 

where the Ci are reported in Table 1411 wta.tv = I™ {^tViAjv) 1 1™ At> and ja^j = 1.2 ± 0.2 is fixed 
from iS'^^'P [Ks [866, 867]. Using the SM values of yiA,iv [863], the predicted rates are 

= 3.5410:1 (l.56l°:i) • 10-" , = 1.41^^:1 (0.95l°:i) • 10-11 , (178) 

for constructive (destructive) interference. Currently, the theory error (see Fig. l46k ) is dominated by 
the uncertainty on \as\- Better measurements of B{Ks Tr^£~^£~) would thus be very welcome. Also, 
better measurements of ir^jj would help in reducing the error on the 0^+ and 2++ contributions. 

Alternatively, they can be partially cut away through energy cuts or Dalitz plot analyses [852, 853, 868]. 
As shown in Fig. l46k . the irreducible theoretical errors on these modes can be pushed below the 10% 
level, allowing very significant tests of flavour physics. 

The integrated forward-backward (or lepton-energy) asymmetry (see references in [868]), gener- 
ated by the interference between CPC and CPV amplitudes, cannot be reliably estimated at present for 
i = e because of the poor theoretical control on the 2++ contribution. In the case of Ap^ the situation 
is better since the 2++ part is negligible. One has Ap^ w 20% (—12%) for constructive (destructive) 
interference. Interestingly, though the error is large, Ap^ can be used to fix the sign of as- 

Let us close with a short comment on Kl —>■ Here the SD part is CPC and has recently 

been evaluated at NNLO [869]. The much larger LD contribution proceeds via two photons. While its 
absorptive part is fixed from — > 77, its dispersive part is difficult to estimate, requiring unknown 
counterterms in CHPT [870]. Moreover, in this case the two-photon LD amplitude interferes with the 
SD one (they both produce a lepton pair in a state). This interference, which depends on the 
sign of A{Ki —>■ 77), is presumably constructive [871] and better measurements of Ks —>■ tt^^^ or 
—>■ 7r+77 could settle this sign. However, even with the help of this information it is difficult to 
reduce the theoretical error below ~ 50% of the SD contribution. 

3.8.4 K+ -K^vD and Kl tt^vP beyond the SM 

Minimal Flavour Violation In models with Minimal Flavour Violation (MFV) [10, 12] both 
decays are, like in the SM, governed by a single real function X that can take a different value than in the 
SM due to new particle exchange in the relevant Z*^ -penguin and box diagrams (see Fig.l43b). Restricting 
first our discussion to the so-called constrained MFV (CMFV) (see [872]), in which strong correlations 
between K- and S-decays exist, one finds that the branching ratios for —>■ tt^uv and Kl —>■ -k^vv 
cannot be much larger than their SM values given in Eq. (I176I ). The 95% probability bounds read [190] 

B{K+ vr+i/i^)cMFV < 11-9 • 10"" , B{Kl ^ vr°i/z^)cMFV < 4.6 • lO^ii . (179) 

Explicit calculations in a model with one Universal Extra Dimension (UED) [181] and in the Littlest 
Higgs model without T-parity [142] give explicit examples of this scenario with the branching ratios 
within 20% of the SM expectations. The latest detailed analysis of K ^ ttvu in the Minimal Supersym- 
metric SM (MSSM) with MFV can be found in [860]. 
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a) b) 



Er(KL^7T° vv) 




1-10"^^' 2-10 ^° 3-lQ ^° 4-10 5-10" 



Fig. 44: a) B{Kl n^vv) vs. B{K~^ tt^vv) in the LHT model [158]. The shaded area represents the 
experimental Icr-range for B{K^ -k^vv) . The GN bound is displayed by the dotted line, while the solid line 
separates the two areas where B{Kl tt^vv) is larger or smaller than B{K^ tt^vv). b) B{Kl Tr^e+e") 
(upper curve) and B{Kl 7r°/i+/i^) (lower curve) as functions of B{Kl -k^vv) in the LHT model [158]. 



Probably the most interesting property of this class of models is a theoretically clean determination 
of the angle /? of the standard UT, which utilizes both branching ratios and is independent of the value 
of X [873, 874]. Consequently, this determination is universal within the class of MFV models and any 
departure of the resulting value of /? from the corresponding one measured in i?-decays would signal 
non-MFV interactions. 



Littlest Higgs Model with T-parity The structure of K ^ ttuu decays in the Littlest Higgs 
model with T-parity (LHT) differs notably from the one found in MFV models due to the presence of 
mirror quarks and leptons that interact with the light fermions through the exchange of heavy charged 
(W^) and neutral {Zjj, A^) gauge bosons. The mixing matrix Vnd that governs these interactions can 
differ from Vckm> which implies the presence of non-MFV interactions. Instead of a single real function 
X that is universal within the K-, B^- and i?s-systems in MFV models, one now has three functions 

Xk = \XkW''<, Xd = \XdW'^, Xs = \x,y'% (180) 

that due to the presence of mirror fermions can have different phases and magnitudes. Moreover, 
it is important to note that mirror fermion contributions are enhanced by a CKM factor 1/a|*^ with 
i = K,d,s for the K-, B^- and iJ^-systems respectively. As \\^^ ~ 4 • 10~^, whereas \^f^ ~ 1 • 10^^ 
and a|*^ ~ 4 • 10~^, the deviation from the SM prediction in the AT-system is found to be by more than 
an order of magnitude larger than in the ^^-system, and even by two orders of magnitude larger than in 
the i?s -system. This possibility can have a major impact on the K — > ttvv system, since the correlations 
between K- and i?-decays are partially lost and the presence of a large phase Ok can change the pattern 
of these decays from the one observed in MFV. A detailed analysis [158] shows that both branching 
ratios can depart significantly from their SM values, and can be as high as 5.0 • 10^^'^. As shown in 
Fig. l44k . there are two branches of allowed values with strong correlations between both branching 
ratios within a given branch. In the lower branch only B{K^ —>■ tt+z^P) can differ substantially from 
the SM expectations reaching values well above the present central experimental value. In the second 
branch B{Kl tt^vu) and B{K^ — > tt^vv) can be as high as 5.0 • 10^^'^ and 2.3 • 10^^°, respectively. 
Moreover, B{Kl —>■ tt^vv) can be larger than B{K^ —>■ -k^vv) which is excluded within MFV models. 
Other features distinguishing this model from MFV are thoroughly discussed in [158]. 
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Supersymmetry Within the MSSM with i?-parity conservation, sizable non-standard contribu- 
tions to K TTvV decays can be generated if the soft-breaking terms have a non-MFV structure. The 
leading amplitudes giving rise to large effects are induced by: i) chargino/up-squark loops [131,847,875, 
876] ii) charged Higgs/top quark loops [877]. In the first case, large effects are generated if the left-right 
mixing {A term) of the up-squarks has a non-MFV structure [10]. In the second case, deviations from the 
SM are induced by non-MFV terms in the right-right down sector, provided the ratio of the two Higgs 
vacuum expectation values (tan (3 = Vu/vd) is large (tan /3 ~ 30 — 50). 

The effective Hamiltonian encoding SD contributions in the general MSSM has the following 
structure: 

l=e,fi,T 

where the SM case is recovered for Xr = and Xl = Xsm- In general, both Xr and Xl are non- 
vanishing, and the misalignment between quark and squark flavour structures implies that they are both 
complex quantities. Since the K —>■ ir matrix elements of {slJ^cIl) and {sR'y'^dR) are equal, the 
combination Xl + Xr allows us to describe all the SD contributions to K ttvIj decays. More 
precisely, we can simply use the SM expressions for the branching ratios in Eqs. ( 11741 ) to ( 11751 ) with the 
following replacement 

V V \^ I x^SUSY I x^SUSY 

In the limit of almost degenerate superpartners, the leading chargino/up-squarks contribution 
is [876]: 



^ 96 



1 (M„^)2,3,(M„^)3h1 



(183) 

96Xt {MI)ll{M^)rr 

As pointed out in [876], a remarkable feature of the above result is that no extra 0{Mw / M^usy) sup- 
pression and no explicit CKM suppression is present (as it happens in the chargino/up-squark contribu- 
tions to other processes). Furthermore, the (5^^)-type mass insertions are not strongly constrained by 
other B- and /C-observables. This implies that large departures from the SM expectations in K ^ -kvV 
decays are allowed, as confirmed by the complete analyses in [192, 860]. As illustrated in Fig. l45k . 
K —>■ irvlj are the best observables to determine/constrain from experimental data the size of the off- 
diagonal {6J^j^) mass insertions or, equivalently, the up-type trilinear terms Ai^, [(M^)j^3^ « mtAi^]. 
Their measurement is therefore extremely interesting also in the LHC era. 

In the large tan (3 limit, the charged Higgs/top quark exchange leads to [877]: 



X"^ 



'msmdt}\ ^ {6rr)3i{Kr)32 ( ^rr§ 



2M^ / Xt \ 2M^ / (1 + eitf^y 



fHiym) , (184) 



where ytn = mj/M'jj, fnix) = j;/4(1 - x) + x log 3;/4(x - 1)^ and Ci^RRtfs = 0(1) for = tan/3 ~ 
50. The first term of Eq. (11841 ) arises from MFV effects and its potential tan (3 enhancement is more than 
compensated by the smallness of rrid^s- The second term on the r.h.s. of Eq. (11841 ). which would appear 
only at the three-loop level in a standard loop expansion can be largely enhanced by the tan^ /? factor 
and does not contain any suppression due to light quark masses. Similarly to the double mass-insertion 
mechanism of Eq. (11831 ). also in this case the potentially leading effect is the one generated when two 
off-diagonal squark mixing terms replace the two CKM factors Vts and Vtd- 

The coupling of the (sR'y'^dR) {vlIh^^l) effective FCNC operator, generated by charged-Higgs/top 
quark loops is phenomenologically relevant only at large tan/3 and with non-MFV right-right soft- 
breaking terms: a specific but well-motivated scenario within grand-unified theories (see e.g. [878,879]). 
These non-standard effects do not vanish in the limit of heavy squarks and gauginos, and have a slow 
decoupling with respect to the charged-Higgs boson mass. As shown in [877] the i?-physics constraints 
still allow a large room of non-standard effects mK ^ -kuV even for flavour-mixing terms of CKM size 
(see Fig.mb). 
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Fig. 45: Supersymmetric contributions to K ^ nvv. a) Dependence of various FCNC observables (normalized 
to their SM value) on the up-type trilinear terms Ai^ and ^23, for Aij < XAo and tan f3 = 2-4 (other key 
parameters in GeV: ^ = 500 ± 10, M2 = 300 ± 10, Mu„ = 600 ± 20, Mq^ = 800 ± 20, Aq = 1000) [860]. b) 
Sensitivity to (Sfjji) 23(^^1^) 31 of various rare K- and B-decays as a function of Mh+, setting tan /3 — 50, /i < 
and assuming almost degenerate superpartners (the bounds from the two K -kvv modes are obtained assuming 
a 10% measurement of their branching ratios while the B^.d /^^M bounds refer to the present experimental 
Hmits [877]). 



3.8.5 Kl 7r°e+£- beyond the SM 

Within the SM —>■ vr'^e+e^ and Kl —>■ 7r'^/x+/i" decays have a very similar dynamics, but for the 
different lepton masses. This makes them an ideal probe of NP effects when taken in combination [853, 
868]. Moreover, Kl vr'^/x^/i^ is sensitive to Higgs-induced helicity-suppressed operators, to which 
K -Kvu (and Kl — > TT^e^e^) are blind. 

NP with SM operators In many scenarios, such as enhanced electroweak penguins (EEWP) 
[761], the MSSM at moderate tan ^ [880], Little Higgs models (LHT) [158], UED [181], and leptoquark 
models [881], NP only modifies the strength of the SM operators, without introducing new structures. 
In general, these models induce larger effects for Kl —>■ -k^vv than for Kl — > 'K^l'^i~ . Still, the latter 
modes should not be disregarded as they offer the possibility to disentangle effects in the vector and 
axial-vector currents. Indeed, Q-ja produces the final lepton pair also in a helicity-suppressed ^ state, 
hence contributes differently to Kl —>■ Tr^e~^e~ and Kl —>■ ir^n'^fi^, while the Q-jy contributions are 
identical for both modes (up to phase-space corrections, and assuming lepton flavour universality) [853]. 

As a consequence, the area spanned in the B{Kl 7r^e~^e~) — B{Kl TT^^'^fi") plane for 
arbitrary wta,7V is non-trivial, see Fig.l46b. Taking all errors into account, this translates into the bounds 
0.1 + 0.24^^'^ < B^'^' < 0.6 + 0.58 5^" with B^^ = B{Kl Tr^i+i') ■ 10^^ [868]. 

Usually, in specific models, there are correlations between the effects of NP on Q^y and Qja 
operators. In the MSSM at moderate tan /?, the dominant effect is due to chargino contributions to Z^- 
and 7-penguins [131, 847, 875, 876] sensitive to the double up-squark mass insertions. Since Z^- and 
7-penguins are correlated, so are Qjv and Q-ja and only a subregion of the red area can be reached. This 
is true whether or not there are new CP-phases. Interestingly, in the LHT model [158], the contributions 
to wjv cancel each other to a large extent, leading to a quasi one-to-one correspondence, see Fig. l44b . 
This constitutes a powerful test of the model. In the case of MFV, the overall effect is found to be always 
smaller than for Kl —>■ tt^uu, with a maximum enhancement w.r.t. the SM of about 10% [860]. Finally, 
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Fig. 46: a) Theory error as a function of the error on \as\- b) B{Kl 7r°/x+/i^) against B{Kl — > Tr^e+e^) for 
various NP scenarios [868]. The red sector is allowed for the Wilson coefficients yj^ and yjy, exclusively, to take 
arbitrary values; the green broken line with squares corresponds to a common rescaling of the two coefficients. 
The LHT result of [158] lies between EEWP and V,A only. Light blue (dark blue) corresponds to arbitrary yrAjv 
together with |Reys I < 90(|Imyp| < 35), respectively, while the yellow region corresponds to j/7^7V.5P arbitrary 
but compatible with the B{Kl l^^l^- ) measurement, where ys and ys are the coefficients for scalar and 
pseudoscalar operators. 

the contribution of the dipole operator {sa^'^ d)F^y can be absorbed into wty [131] and NP contributions 
of this type cannot be singled out. 

NP with New Operators NP could of course also induce new operators. A systematic analysis 
of the impact of all possible dimension-six semileptonic operators on Ki —>■ -k^I'^I" can be found 
in [868]. Here we concentrate on the most interesting case of (pseudo-)scalar operators Qs = {sd){ll) 
and Qp = {sd){l^^l), inducing a CPC (CPV) contribution. These operators are enhanced in the IVISSIVI 
at large tan /? where they originate from neutral Higgs exchanges and are sensitive to down-squark mass 
insertions [553]. Being helicity-suppressed, they affect only the muon mode and can lead to a clear signal 
outside the red region in Fig. l46b. Of course, in the IVISSlVr, the {sj^d){££) and {s^5d){i^5£) operators, 
contributing to Kl —>■ £^£^, are also generated. Interestingly, the current B{Kl — > fi~^fi~y^^ still 
leaves open the large yellow region in Fig.l46b. when combined with general Q7v,7A operators. 

Finally, note that tree-level leptoquark exchange [881] or sneutrino exchange in SUSY without im- 
parity [882-885] can also induce (pseudo-)scalar operators, but without helicity-suppression. However, 
to evade the strong constraint from B{Kl — > e'^e")^^^ = (9I4) • 10~^^, one would need to invoke a 
large breaking of lepton-flavour universality to have a visible effect in Ki TT^fi~^fi~. 

3.8.6 Conclusions on the theoretical prospects 

Rare iC-decays are excellent probes of New Physics. Firstly, their exceptional cleanness allows to access 
very high energy scales. As stressed recently in [35, 158, 841, 860], NP could be seen in rare K-decays 
without significant signals in i?^ ^-decays and, in specific scenarios, even without new particles within 
the LHC reach. Secondly, if LHC finds NP, its energy scale will be fixed. Then, the combined measure- 
ments of the four rare i^-modes would help in discriminating among NP models. For instance, we have 
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seen that specific correlations exist in MFV or LHT, which can be used as powerful tests (see Fig. l44l ). 
Further, in all cases, the information extracted from the four modes is essential to establish the NP flavour 
structure in the s — > d sector, as illustrated in the MSSM at both moderate (see Fig. \45h ) and large tan /? 
(see Figs. l45b and l46b). Rare i^-decays are thus an integral part, along with S-physics and collider 
observables, of the grand project of reconstructing the NP model from data. Experimentally, together 
with these very rare modes, improving bounds on forbidden decays (e.g. K —>■ vre/x) can be interesting. 
Also, rare K-decays would benefit from experimental progress in (less rare) radiative K-decays like 
Ks — > iT'^£~^i~ (see Fig.l46b). For all these reasons, it is very important to pursue ambitious i^T-physics 
programs in the era of the LHC. 



3. 8. 7 Program at CERN 

The proposed experiment NA62 (formerly NA48/3) at CERN-SPS [886] aims to collect about 80 K+ 
■K^ui? events with an excellent signal over background ratio in two years of running, allowing for a 10% 
measurement of the branching ratio of the —>■ -k^vv decay. The data taking should start in 2010. 
NA62 will replace the NA48 apparatus at CERN and will make use of the existing beam line. The layout 
of the experiment is sketched in figure l47l 
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Fig. 47: Layout of the NA62 (NA48/3) experiment. 



The experiment proposes to exploit a kaon decay in flight technique to achieve 10% of signal 
acceptance. An intense 400 GeV/c proton beam, extracted from the SPS, produces a secondary charged 
beam by impinging on a Be target. A 100 m long beam line selects a 75 GeV/c momentum beam with a 
1% RMS momentum band. This beam covers a 16 cm^ area, has an average rate of about 800 MHz and 
is composed by 6% of and 94% of 7r+, and protons. A differential Cerenkov counter (CEDAR) 
placed along the beam line ensures a positive kaon identification. The beam enters in a 80 m long decay 
region evacuated at a level of 10~^ mbar, enough to avoid sizeable background from the interaction of the 
particles with the residual gas. The kaon decay rate in the decay region is about 6 MHz : it provides about 
10^^ decays in two years of data taking, assuming 100 days as running time at 60% of efficiency, 
which is a very realistic estimate based on the decennial NA48 experience at the SPS. 

The experimental signature of a ir^vu is one reconstructed positive track in the down- 

stream detector The squared missing mass allows a kinematical separation between the signal and about 
90% of the total background (see figure |48]). The precise kinematical reconstruction of the event requires 
a performing tracking system for the beam particles and the charged decay products of the kaons. 
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Fig. 48: Squared missing mass for Kaon decays. The squared missing mass is defined as the square of the 
difference between the 4-momentum of the kaon and of the decayed track in the hypothesis that it is a pion. 



The beam tracker consists of three Si pixels stations (SPIBES) having a surface of 36 x 48 mm^. 
The charged particle rate on each station is about 60 MHz cm^^ on average. The stations are made up by 
300 X 300 /xm^ pixels, 300 /xm thick and containing the sensor and the chip bump-bonded on it. At least 
200 ps time resolution per station is required to provide a suitable tag of the kaon track. A mistagging 
of the kaon, in fact, may be a source of background because it spoils the resolution of the reconstructed 
squared missing mass. 

Six straw chambers, 0.5% radiation length thick, placed in the same vacuum of the decay region 
form the downstream spectrometer. Two magnets provide a redundant measurement of the particle mo- 
mentum, useful to keep the non gaussian tails of the reconstruction under control. The central hole of 
each station, which lets the undecayed beam pass through, must be displaced in the bending plane of the 
magnets according to the path of the 75 GeV / c positive beam. This configuration allows the tracker to 
be used as a veto for negative particles up to 60 GeV/c, needed for the rejection of backgrounds like 
if + tt'^ it" u . A reduced size prototype will be built and tested in 2007. 

A system of 7 vetoes, a ji veto and a RICH complement the tracking system to guarantee a 10^^ 
level of background rejection. 

A 1 8 m long RICH located after the spectrometer and filled with Ne at atmospheric pressure is 
the core of the e+/7r//i separation. All cm radius beam pipe crosses the RICH and two tilted mirrors 
at the end reflect the Cerenkov light toward an array of about 2000 phototubes placed in the focal plane. 
Simulations showed that enough photoelectrons can be collected per track to achieve a better than 3(T 
tt/// separation between 15 and 35 GcV/c. The RICH provides also the timing of the downstream track 
with a 100 ps time resolution. The construction and test of a full length prototype is planned for 2007. 

A combination of calorimeters covering up to 50 mrad serves to identify the photons. Ring- 
shaped calorimeters, most of them laying in the high vacuum of the decay region, cover the angular 
region between 10 and 50 mrad. Tests on prototypes built using lead scintillator tiles and scintillating 
fibers are scheduled for 2007 at a tagged 7 facility at LNF. The existing NA48 liquid krypton calorimeter 
(LKr) [887] is intended to be used as a veto for 7 down to 1 mrad. Data taken by NA48/2 in 2004 and a 
test run performed in 2006 using a tagged 7 beam at CERN show that the LKr matches our requests in 
terms of efficiency. A program of consoUdation and update of the readout electronics of the LKr is under 
way. Small calorimeters around the beam pipe and behind the muon veto cover the low angle region. 

Six meters of alternated plates of iron and extruded scintillators form a hadronic sampling calorime- 
ter (MAMUD), able to provide a 10^ ji rejection. An aperture in the center lets the beam pass through 
and a magnetic field inside deflects the beam out of the acceptance of the last 7 veto. 

Simulations of the whole apparatus based on GEANT3 and GEANT4 showed that 10% signal ac- 
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ceptance are safely achievable. The use of the RICH constrains the accepted pion track within the 
(15, 35) GeV/c momentum range. The higher cut is an important loss of signal acceptance, but assures 
that events like — > vr^^vr'^ deposit at least 40 GeV of electromagnetic energy, making their rejection 
easier. The simulations indicate that a 10% background level is nearly achievable. 

The overall experimental design requires a sophisticated technology for which an intense R&D 
program is started. Actually we propose an experiment able to reach a sensitivity of 10^^^ per event, 
employing existing infrastructure and detectors at CERN. 

3.8.8 Program at J-PARC 

The Japan Proton Accelerator Research Complex (J-R\RC) [888] is a new facility being constructed in 
the Tokai area of Japan as a joint project of High Energy Accelerator Research Organization (KEK) and 
Japan Atomic Energy Agency. Slow-extracted proton beam, which is of 30GeV and whose intensity is 
2 X 10^^ protons per 0.7-sec spill every 3.3 sec at the Phase- 1, is transported to the experimental area 
called NP Hall (figure l49l). The proton beam hits the target and produces a variety of secondary particles, 
including low-energy i^+'s and i^^'s. 




Fig. 49: A plan for the layout of NP Hall at J-PARC. 



The first PAC meeting for Nuclear and Particle Physics Experiments at J-PARC was held in the 
early summer of 2006 [889]. Concerning kaon physics, two proposals: "Measurement of T-violating 
Transverse Muon Polarization in — > -k^ ji^u Decays" and "Proposal for Kl — > -k^vv Experiment at 
J-Parc" received scientific approval. The latter proposal on the Kl ir^uu decay is discussed in this 
section; the former one is discussed in the "Charged Lepton CP/T" section of WG3. 

The branching ratio for Kl ir^uij is predicted to be (2.7 ib 0.4) x 10^^^ in the Standard 
Model, while the experimental upper limit, 6.7 x 10^^ at the 90% confidence level, is currently set by 
the E391a Collaboration at the KEK 12-GeV PS using the data collected during the second period of 
data taking [857]. E391a was the first dedicated experiment for Kl -k^vv and aimed to be a pilot 
experiment. The new proposal at J-PARC [890] is to measure the branching ratio with an uncertainty 
less than 10% and takes a step-by-step approach to achieve this goal. 

The common Tl target on the A-line and the beamline with a 16-degree extraction angle, as shown 
in figure |49j will be used in the first stage of the experiment (E14). Survey of a new neutral beamline in 
the first year of J-PARC commissioning and operation is essential to understands the beam-related issues 
at J-PARC. The E14 experiment will be performed by the date of "5 years of LHC" (~ 2012/2013); the 
goal is to make the first observation of the decay. In the current simulation, 3.5 Standard Model events 
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with 1.8 X 10 protons on target in total ai^e expected with the S/N ratio of 1.4. The beamline elements 
and the detector of E391a will be re-used by imposing necessary modifications. A schematic view of 
the detector setup is shown in figure [50l In particular, the undoped Csl crystals in the calorimeter for 
measuring the two photons from vr*^ in Kl ir^ui' will be replaced with the smaller-size and longer 
crystals used in the Fermilab KTeV experiment (figure |5T]): discussions on the loan of the crystals are 
in progress. The technique of waveform digitization will be used on the outputs of the counters in the 
detector to distinguish pile-up signals from legitimate two-photon signals under the expected high-rate 
conditions. A new extra photon detection system to reduce the tt^t:^ background will cover the 

regions in or around the neutral beam. 
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Fig. 50: Schematic view of the detector setup for the E14 experimemt at J-PARC. 




After the E14 experiment establishes the experimental techniques to achieve the physics goal, the 
beamline and the detector will be upgraded for the next stage. More than 100 Standard Model events 
(equivalent to a single event sensitivity of less than 3 x 10^^^) with a S/N ratio of 4.8 will be accumulated 
by the era of a "super B-factory" (~ 2020). 
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3.9 Charm physics 

3.9.1 Case for continuing charm studies in a nutshell 

While nobody can doubt the seminal role that charm studies played for the evolution and acceptance 
of the Standard Model (SM), conventional wisdom is less enthused about their future. Yet on closer 
examination a strong case emerges in two respects, both of which are based on the weak phenomenology 
predicted by the SM for charm: 

- to gain new insights into and make progress in establishing theoretical control over QCD's non- 
perturbative dynamics, which will also calibrate our theoretical tools for B studies; 

- to use charm transitions as a novel window into New Physics (NP). 

Lessons from the first item will have an obvious impact on the tasks listed under the second one. They 
might actually be of great value even beyond QCD, if the New Physics anticipated for the TeV scale is 
of the strongly interacting variety. 

Detailed analyses of leptonic and semileptonic decays of charm hadrons provide a challenging 
testbed for validating lattice QCD, which is the only known framework with the promise for a truly 
quantitative treatment of charm hadrons that can be improved systematically. 

While significant 'profit' can be 'guaranteed' for the first item, the situation is less clear concerning 
the second one, the search for New Physics. While it had to be expected that no sign of New Physics 
would show up at the present level of experimental sensitivity, no clear-cut benchmark has been set at 
which level New Physics could emerge with even odds. In that sense one is deahng with hypothesis- 
generating rather than probing research. It will be essential to harness the statistical power of the LHC 
for high quality charm studies. 

Yet the situation is much more promising than it seems at first glance. New Physics scenarios in 
general induce flavour changing neutral currents (FCNC) that a priori have little reason to be as much 
suppressed as in the SM. More specifically they could be substantially stronger for up-type than for 

down-type quarks; this can happen in particular in models which have to reduce strangeness changing 
neutral currents below phenomenologically acceptable levels by some alignment mechanism. 

In such scenarios charm plays a unique role among the up-type quarks u, c and t; for only charm 
allows the full range of probes for New Physics in general and flavour-changing neutral currents in 
particular: (i) Since top quarks do not hadronise [891], there can be no r° — T*^ oscillations. More 
generally, hadronisation, while hard to bring under theoretical control, enhances the observability of 
CP violation, (ii) As far as u quarks are concerned, tt^, rj and r]' decay electromagnetically, not weakly. 
They are their own antiparticles and thus cannot oscillate. CP asymmetries are mostly ruled out by 
CPT invariance. 

Our basic contention can then be formulated as follows: Charm transitions provide a unique portal 
for a novel access to flavour dynamics with the experimental situation being a priori quite favourable 
(apart from the absence ofCabibbo suppression). Yet even that handicap can be overcome by statistics. 

The truly committed reader can find more nourishment for her/his curiosity in several recent re- 
views [892-894]. 

These points alluded to above will be addressed in somewhat more detail in the following sections. 

3.9.2 Charm Mixing 

Prior observations of mixing in all down-type quark mixing systems puts charm physics in a unique 
position in the modem investigations of flavour physics as the system where the first evidence for the 
phenomena has emerged only recently (just before the pubUcation of this document). Results of these 
studies are addressed after a short phenomenological introduction. 
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The Standard Model contributions to charm mixing are suppressed to tan^ 9c ~ 5% because D'^ 
decays are Cabibbo favoured. The GIM cancellation could further suppress mixing through off-shell 
intermediate states to 10~^ — 10~^. Standard Model predictions for charm mixing rates span several 
orders of magnitude [894,895]. Fortunately, CP violation in mixing is 0{1Q~^) in the SM so CP violation 
involving D^D^ oscillations is a reliable probe of New Physics. 

Charm physics studies are complementary to the corresponding programs in bottom or strange 
systems due to the fact that D^D^ mixing is influenced by the dynamical effects of down-type particles. 

Effective AC = 2 interactions generate contributions to the effective operators that change a 
state into a state, leading to the mass eigenstates 



\Di) 



p\D^)±q\D^), 



P 



(185) 



where the complex parameters p and q are obtained from diagonahsing the D° — D° mass matrix with 
bp + = 1- If CP- violation in mixing is neglected, p becomes equal to q, so \Di) become CP 
eigenstates, CP\D±) = ±\D±). 

The time evolution of a or is conventionally described by an effective Hamiltonian which 
is non-Hermitian and allows the mesons to decay. We write 
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where M and F are 2 x 2 matrices. We invoke CPT invariance so that Mn = M22 = M and Fn 
F22 = F. The eigenvalues of this Hamiltonian are 
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where Mi 2 are the masses of the Di^2 and Fi 2 are their decay widths, and 
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The mass and width splittings between these eigenstates are given by 
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These parameters are experimentally observable and can be studied using a variety of methods to be 
discussed below. SM and all reasonable models of NP predict x, y <C 1 [894, 895], which influences the 
available strategies for those measurements. 



3.9.3 Semileptonic decays 

The most natural way to search for charm mixing is to employ semileptonic decays. It is also not the 
most sensitive way, as it is only sensitive to Rm, a quadratic function of x and y. Use of the 
semileptonic decays for the mixing search involves the measurement of the time-dependent or time- 
integrated rate for the wrong-sign (WS) decays of D, where c — > c — ^ si~V, relative to the right- 
sign (RS) decay rate, c sl'^v. Decays K^*^~i^T' have been experimentally searched for 
[896-900]. Although the time integrated rate is measured, several experiments use the time dependence 
of decays to increase the sensitivity. Currently the best sensitivity is reached by the Belle experiment, 
Rm = (0.20 ± 0.47 ± 0.14) x 10"^ , using 253 fb~^ of data in mode only. Projecting to a possible 
2 ab~^ one can hope for a sensitivity of about ±0.2 x 10^^, including also systematic uncertainty. 
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3.9.4 Nonleptonic decays to non-CP eigenstates 

A decay mode providing one of the best sensitivities to the mixing parameters is K^tt^. Time- 
dependent studies allow separation of the direct doubly-Cabibbo suppressed (DCS) — > K^n^ am- 
phtude from the mixing contribution D*^ ^ K+tt~ [901,902], 



(187) 



where i?/) is the ratio of DCS and Cabibbo-favoured (CF) decay rates. Since x and y are small, the best 
constraint comes from the linear terms in t that are also linear in x and y. A direct extraction of x and y 
from Eq. (11871 ) is not possible due to the unknown relative strong phase 5k-k of DCS and CF amplitudes, 
as x' = X cos 5k-k + V sin 5k-w, y' = U cos 6ktt — x sin 6ktt- This phase can be measured independently 
(see CLEO-c result in Section [3.9.8l ). The corresponding formula can also be written [903] for decay 
with x' —x' and Rm R^- 

Experimentally, this method of mixing search requires a good understanding of the detector 
decay time resolution to model correctly the measured distribution. Several experiments performed fits 
to disentangle the individual contributions in Eq. (11871) [904-910]. The most recent study by BaBar 
collaboration [911] finds an evidence for non-zero values of the mixing parameters. The preliminary 
95% C.L. contours of the measured values are shown in Fig. [52] In terms of single parameter errors to 
be used for projections the most accurate is the measurement by Belle, using 400 fb^^ of data. Several 
fits to decay time distributions aie performed; assuming that the CP violation is negligible, the result is 
= (0.18± °-23) X 10-^,y' = (0.6 ± 3;°) x IQ-^ and Rd = (3.64 ±0.17) x IQ-^, where the errors 
are statistical only. Projections of the 95% C.L. {x''^,y') contour to the axes yield confidence intervals 
of x'"^ < 0.72 X 10"^ and y' G [-9.9, 6.8] x 10"^. With a 2 ab^^ data sample a statistical accuracy of 
0.1 X 10"'^ and 2 x lO^'^ can be expected for x'^ and y', respectively, similar to the current systematic 
uncertainties; a large contribution to the latter is due to the background modelling, the understanding of 
which might improve with a larger data sample as well. 

CDF has demonstrated the potential of experiments at hadron colliders to make mixing-related 
measurements using hadronic decays through the recent study of WS —>■ K^-k^ events [912]. Using 
the distinctive D* D^ir signature and an integrated luminosity of 0.35 fb^^ a sample of around 2000 
WS decays have been accumulated with a background to signal level of order 1 . The ratio of WS to RS 
decays is found to be 4.05 it 0.21(stat) ± O.ll(syst) x 10~^. This ratio is equivalent to Rd in the limit 
that x' and y' are zero, and CP violation is negligible. Provided that the systematic uncertainties can 
continue to be kept under control, the full Tevatron dataset of several fb~^ will give a more precise result 
for Rd than the B-factories, under the stated assumption. More interesting results are to be expected 
should it prove possible to perform a time-dependent measurement. 

LHCb expects to collect very high statistics in all charged two-body decays through the inclu- 
sion of a dedicated D* D^{hh')iT filter in the experiment's high level trigger [913]. In one year of 
operation at nominal luminosity (2fb^^) 0.2 million WS and 50 million RS Ktt events will be written 
to tape, where the triggered D* has originated from a B decay. A similar number of decays are expected 
where the D* is produced in the primary event vertex. 

In a mixing analysis it is necessary to measure the proper lifetime of the decaying D^. LHCb's 
good vertexing allows the decay point of the to be well determined, and also the production point in 
the case of D*'s produced in the primary vertex. For that sample where the D* arises from a B decay it 
is necessary to vertex the direction with other B decay products in order to find the production point, 
a procedure which entails a loss in efficiency. Additional cuts are needed to enhance the purity of the WS 
signal, and combat the most significant background source, where the wrong 'slow pion' is associated 
with a genuine D^. This contamination is dangerous for the reason that is the charge of the slow pion 
which tags the initial flavour of the meson. After this selection, 46,500 WS decays are expected from 
B events per 2 fb^^ , with a background to signal ratio of around 2.5. 



These performance figures have been used as input to a 'toy Monte Carlo' study to determine 
LHCb's sensitivity to the mixing parameters, including both the effects of background and the estimated 
proper time resolution and acceptance. The study was performed for event yields corresponding to 
10 fb~^ of integrated luminosity, that is 5 years of operation at nominal operation. It was found that 
with such a sample LHCb will have a statistical sensitivity on x'^ and y' of 0.6 x 10~"^ and 0.9 x 
10~^ respectively. Further work is needed to identify and combat the possible sources of systematic 
uncertainty. 

3.9.5 Multi-body hadronic decays 

In multi-body hadronic decays possible differences in the resonant structure between the CF and DCS 
decays must be taken into account, and, as discussed below, be exploited. The time integrated relative 
rates Rws = T{D° ^ K+Tr-{mT))/T{D^ ii'-7r+(n7r)), which assuming negligible CP violation 
equal to Rd + \fRDy' + {x'"^ + v'"^) 1% have been measured for wtt = 7r°, Tr+Tr" [915,920,924,925]. For 
the latter mode Belle measures i?vF5(-^7r7r7r) = (0.320±0.018±0.013)%. Assuming a particular value 
of x' in combination with the previous equation gives an allowed band in the [Rd ■,])') plane; however, 
one should note that the value of x' is decay mode dependent. Studies with D° K^i^'^i^'i^^ events 
will also be possible at LHCb, where plans are under consideration to extend the D* D^{h'^h'~)Tr 
high level trigger stream to include charged 4-body decays. The foreseen event yields would be 
similar to those anticipated for the — > K^ir^ case. 

The BaBar collaboration studied the time-dependence of the above multi-body decay modes [926]. 
Since the possible mixing contribution followed by CF decay needs to be distinguished from the DCS 
decays, the sensitivity of the measurement is increased by selecting regions of phase space where the 
ratio of the two is the largest. The preliminary value of Rm, which is not affected by this selection, is 
found to be Rm = (0.023 ± [|;°}^ ± 0.004)% {Rm < 0.054% at 95% C.L. using a Bayesian approach) 
in the D° — ^ iir+7r~7r° mode, and without selecting a region of phase-space Rws{KTnr'^) = (0.214 ± 
0.008 ± 0.008)% is obtained. By combining the obtained 5log C{TIm) curve with the one from the 
study of the L>° K+tt - tt+tt' channel Rm = (0.020 ± {Rm < 0.042% at 95% C.L. using 

a Bayesian approach) is obtained (stat. uncertainty only) . The combined data are compatible with the 
no-mixing hypothesis at the 2.1% C.L. 

3.9. 6 Time-dependent Dalitz-plot analysis 

Due to the strong variation of the interference effects over the D*^ K~^7r~ (nvr) phase-space a Dalitz 
analysis of these modes can give further insight into the mixing. Such an analysis has been performed 
for KsTT^TT^ channel by CLEO collaboration [928], and recently results from Belle collaboration 

became available [929]. Different intermediate states contributing to Kstt^tt'^ (CP even or odd, like 
Ksfo or Kgp^, or flavour eigenstates, like iir*(892)+7r~), that can be determined by inspection of the 
Dalitz plane, contribute differently to the decay time distribution of i^57r~7r+. A simultaneous 

fit of the Dalitz and decay time distributions is used to determine the mixing parameters x = (0.80 ± 
0.29 ± 0.17)% and y = (0.33 ± 0.24 ± 0.15)%. Important systematic error arises due to the uncertainty 
of the model used for the description of the Dalitz structure (around ±0.15% and ±0.10% on x and 
y, respectively). Projecting the amount of data used in the analysis (540 fb^^) to the amount possibly 
available to the B-factories in the future (2 ab^^) the statistical precision on each parameter could be 
improved to ~ 0.15%. Hence the systematic error, receiving contributions from the uncertainty of the t 
distribution modeUing (similar as for the case of K+7r~ decays) as well as from the Dalitz model, 

will need to be studied carefully. 
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3.9. 7 Nonleptonic decays to CP eigenstates 

mixing can be measured by comparing the lifetimes extracted from the analysis of D decays into the 
CP-even and CP-odd final states. In practice, the lifetime measured in D decays into CP-even final state 
fcp, such as K'^K~ ,TT'^TT~ , (j)Ks, etc., is compared to the one obtained from a measurement of decays 
to a non-CP eigenstate, such as K~'k'^. This analysis is also sensitive to a linear function of y via 



t{D^K-ti+) 
" r{D ^ K+K-) - 1 = 2/ cos <A - X sm < 



(188) 



where (/> is a CP-violating phase. In the limit of vanishing CP violation ycp = U- This measurement 
requires precise determination of lifetimes. It profits from some cancellation of the systematic uncer- 
tainties in the ratio t{K~'k^) /T{fcp)- To date CP = +1 final states K^K~ and tt'^it~ have been 
used [930-936]. 

In the course of preparation of this document the Belle collaboration obtained new result on ycp 
using 540 fb^^ of data [936]. It represents evidence for the D^D^ mixing, with ycp = 1.31 =b 0.32 it 
0.25% differing from zero by 3.2 standard deviations. 

With the currently available statistical samples at the B-factories, the statistical uncertainty of the 
measurements using the D*'^ tag is comparable to the systematic one. The latter arises mainly from 
an imperfect modelling of the t distribution of the background (although the overall background level 
is small, and the systematic uncertainty due to this source might decrease with increased data sample), 
and from the possible non-cancellation of systematic errors on individual lifetime measurements. With 
the final B-factories' data set one can hope for a total uncertainty on ycp of around ±0.25%. To this, 
systematic error contributes ±0.10% if the sources expected to scale with the luminosity are taken into 
account. 

LHCb intends to make an important contribution to the measurements of a non-zero value of 
ycp through the high statistics available from the D* trigger, and the excellent particle identification 
capabiUties of its RICH system. A sample of 1.6 x 10^ D° K^K~ events is expected from B decays 
alone after all selection cuts. The expected sensitivity to ycp from this source with 5 years of data is 
0.5 X 10-3. 



3.9.8 Quantum-correlated final states 

The construction of tau-charm factories introduces new time-independent methods that are sensitive to 
a linear function of y. One can use the fact that heavy meson pairs produced in the decays of heavy 
quarkonium resonances have the useful property that the two mesons are in the CP-correlated states [937, 
938]. For instance, by tagging one of the mesons as a CP eigenstate, a lifetime difference may be 
determined by measuring the leptonic branching ratio of the other meson. The final states reachable 
by neutral charmed mesons are determined by a set of selection rules according to the initial virtual 
photon quantum numbers J^*-^ = 1 [938,939]. Currently, the decay rates of several singly-tagged 
(only a single meson is fully reconstructed) and doubly-tagged (both mesons reconstructed) final states 
of the D^D^ pairs are measured at CLEO-c [940], where the individual fractions depend on the mixing 
parameters y and Rm, branching fractions and phases between DCS and CF decays. Types of 
decays considered include semileptonic decays and decays to flavour and CP eigenstates. The above 
parameters are determined from a fit to the efficiency-corrected yields using 281 pb"^ of data, with the 
preliminary results most relevant to the mixing y = —0.058 ± 0.066, Rm = (1-7 ± 1.5) x 10""^ and 
cos 6ktt = 1.09 ± 0.66. The systematic uncertainties, expected to be of smaller size, are being evaluated. 
At CLEO-c the precision of results is expected to be reduced by increasing the data sample by a factor 
of three, increasing the number of CP eigenstate modes, and using constraints from other measurements 
of D° branching fractions. The same method will be exploited by BES m, with an expected data sample 
of 20 fb-^ Statistical uncertainty could be reduced to a{y) ~ 0.002, a{RM) ~ 0.2 x 10"^ and 
cr(cos^K^) ~ 0.02. 
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Fig. 52: Allowed regions in the x' vs y' plane (left) and x vs y for the measurements described in the text. We 
assume Sktt — Q to place the y results in x' vs y' . A non-zero Sk-k would rotate the D'^ — > CP eigenstates ( y 
results) confidence region clockwise about the origin by 5. 



Table 42: Approximate expected precision {a) on the measured quantities using methods described in the text for 
the integrated luminosity of 10 fb"^ at LHCb, 2 ab^^ at the B-factories at 10 GeV, and 20 fb"^ at BESIII running 
at charm threshold. The LHCb numbers do not include the effect of systematic errors, but neglect the contribution 
of events from prompt charm production. Entries marked '/' in the LHCb column are where expected performance 
numbers are not yet available. 



Mode 


Observable 


LHCb (10 fb-i) 


B-factories (2 ab ^) 


V'lSTTO) (20 fb-i) 




Rm 


/ 


0.2 X 10-3 








0.6 X 10"^ 


1.5 X 10"^ 






y' 


0.9 X 10-^ 


2.5 X 10-3 




K+K- 


ycp 


0.5 X 10-^ 


3 X 10-3 






X 


1 


2 X 10^3 






y 


1 


2 X 10~3 






x2 

y 

cos 5 






3 X 10-"^ 

4 X 10-3 
0.05 



3.9.9 Summary of Experimental D Mixing Results 

The constraints in x' vs y' and x vs y are shown in Fig. [52] Approximate uncertainties of the measured 
quantities, as expected from the data samples assumed above, are shown in Table |42] The errors shown 
include scaled statistical errors from the most precise existing measurements and estimates of possible 
systematic uncertainties. 



Table 43: Approximate expected precision (a) on the measured quantities using methods described in the text 
for the integrated luminosity of 100 fb~^ at an upgraded LHCb, 75 ab^^ at a Super B-factory at 10 GeV, and 
200 fb^^ at a Super B-factory running at charm threshold. The upgraded LHCb numbers are merely the results 
from Tablel42l scaled to the new integrated luminosity. 



Mode 


Observable 


LHCb (100 fb~i) 


Super B (75 ab^^) 


^^(3770) (200 fb-i) 


D° K+TT- 
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Fig. 53: All charm mixing measurements are combined by HFAG [386] to provide constraints in the x vs y plane. 
Contours ( 1 through 5a) of the allowed region are shown. The significance of the oscillation effect exceeds ha. 

As a simple illustration of the projected results, a minimization in terms of the mixing param- 
eters X and y, and cos ^k-k can be performed. For the unknown true values x = 5 x 10"^, y = 1 x 10~^ 
and fiK-K = 0°, one finds the central 68% C.L. intervals of x G [3, 7] x 10-^ y e [0.85, 1.15] x 10"^ 
and ^K-K £ [—12°, 12°]. In some cases the p.d.f.'s for the estimated parameters are significantly non- 
Gaussian. 

The charm decays subgroup of the Heavy Flavour Averaging Group [386] is preparing world 
averages of all the charm measurements. For charm mixing, the averages not only take into account 
correlations between meaurements but combine the multidimensional likelihood functions associated 
with each measurement. A very preliminary average is available [386] giving x = (8.7l|^) X 10-3 and 
y = (6.6]']2 o) ^ 10^3 Allowing for CP violation the very preliminary average is x = (8.4^3 4) x 10"^ 
and y = (6.9 ±2.1) X 10-3. 

The constraints in the x vs y plane are shown in Fig.[53l The significance of the oscillation effect 
exceeds 5cr. 



The interpretation of the new results in terms of New Physics is inconclusive. It is not yet clear 
whether the effect is caused by x = or 1/ = or both, although the latter is favoured, as shown in Table 
|43l Both an upgraded LHCb and a high luminosity Super B-factory will be able to observe both lifetime 
and mass differences in the D*^ system, if they lie in the range of Standard Model predictions. 

A serious limitation in the interpretation of charm oscillations in terms of New Physics is the 
theoretical uncertainty on the Standard Model prediction. Nonetheless, if oscillations occurs at the level 
suggested by the recent results, this will open the window to searches for CP asymmetries that do 
provide unequivocal New Physics signals. 



3.9.10 New Physics contributions to D mixing 

As one can see from the previous discussion, mixing in the charm system is very small. As it turns out, 
theoretical predictions of x and y in the Standard Model are very uncertain, from a percent to orders of 
magnitude smaller [895,941]. Thus, New Physics (NP) contributions are difficult to distinguish in the 
absence of large CP violation in mixing. 

In order to see how NP might affect the mixing amplitude, it is instructive to consider off-diagonal 
terms in the neutral D mass matrix, 

(m - 1 r) = ^ {D'\n^^=-'\D'^) (189) 

where H^'~"'^^^ is the effective |AC| = 1 Hamiltonian. Since all new physics particles are much 
heavier than the Standard Model ones, the most natural place for NP to affect mixing amplitudes is in 
the I AC| = 2 contribution, which corresponds to a local interaction at the charm quark mass scale. 
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Fig. 54: NP predictions for \x\. Horizontal line references are tabulated in Table 5 ofRef. [895]. 



As can be seen from Fig. (l54l ). predictions for x vary by orders of magnitude for different models. It is 
interesting to note that some models require large signals in the charm system if mixing and FCNCs in 
the strange and beauty systems are to be small (e.g. the SUSY alignment model). 



The local | AC| = 2 interaction cannot, however, affect AFd because it does not have an absorp- 
tive part. Thus, naively, NP cannot affect the lifetime difference y. This is, however, not quite correct. 
Consider a decay amplitude which includes a small NP contribution, A[D^ — > n] = A^f + A^n^\ 
Here, A^^'^ is assumed to be smaller than the current experimental uncertainties on those decay rates. 
Then it is a good approximation to write y as 




(190) 



The SM contribution to y is known to vanish in the limit of exact flavour 5C/(3). Moreover, the first order 
correction is also absent, so the SM contribution arises only as a second order effect. Thus, those NP 
contributions which do not vanish in the flavour SU (3) limit must determine the lifetime difference there, 
even if their contributions are tiny in the individual decay amplitudes [942]. A simple calculation reveals 
that NP contribution to y can be as large as several percent in R-parity-violating SUSY models or as 
small as ~ 10^^*^ in the models with interactions mediated by charged Higgs particles [942]. Assuming 
the projected precisions on x, y and cos{5k-k) discussed below are achieved, a range of NP models can 
be ruled out. On the other hand, the uncertainty of SM predictions for the mixing parameters can in 
some scenarios (positive measurement, y > x) make the identification of NP contribution difficult. It is 
important to make a precise determination of individual parameters, using all the experimental methods 
mentioned (and possibly new ones) in order to pin down possible cracks in the SM. 



3.9.11 D mixing impact on CRM angle 7/(^3 

Beside the importance of the mixing in the charm sector per-se, discussed above, the results of mentioned 
measurements can also have an impact on the determination of the Unitarity Triangle angle 7/03. Several 
proposed methods for measuring 7/(^)3 use the interference between B~ — > D^K^ and B —>■ D^K~ 
which occurs when both and decay to the same final state [616, 621, 622, 625, 634]. 

The quantity sensitive to the angle ^/(pj, is the asymmetry A^k = [Br{B~ — > foK') — 
Br{B+ Jj;)K+)]/[Br{B'- foK-) + Br{B+ J oK+)], where fo denotes the common 
final state of and D^. Adk can be expressed as 

2rBrz)e"' sin ((5b + sin 7/(^)3 
r^ + rfj + 2rBrDe ^ cos {Ob + Od) cos j/cps 

where 6b is the difference of the strong phases in decays B~ —>■ D^K~ and B^ —>■ D^K~, 6d is the 
difference of the strong phases for —>■ fr, and —>■ /d> ^'B is the ratio of amplitudes \A{B^ — > 
WK~)\/\A{B- D^K-)\ and ro is the ratio \A{D^ ^ The dilution factor 

e"*^ arises if x, y 7^ 0. 

In case of non-negligible mixing the time integrated interference term between A{D^ — > //)) 
and A(p^ fo) depends on X and y, resulting in [620] 

e = \{x^ + y'^){\ + rl)--ix^cos25D + y'^sm25D) ■ (192) 
8 rjj '4 

Using Jd which is a CP eigenstate [621,622] (the case where = K^it^tt~ is dicussed in 
section U.9.27.1| ) and neglecting CP violation in decays the above expressions simplify due to r/j = 
1, 5d = 0, and thus e = y'^/A. For / = K+K' , vr+vr the asymmetry Aok is measured to be 
0.06 ± 0.14 lb 0.05 using an integrated luminosity of 250 fb^^ [943]. Projecting the result to 2 ab^^ 
the expected statistical accuracy is ±0.05. An uncertainty on y of 2%, on the other hand, reflects in an 
error of a{Aj:)K) ~ 5 x 10~^ using the above equations (conservatively assuming tb = 0.25, sin^s = 
sin (^3 = 1). It is thus save to conclude that neglecting the effect of mixing in this method oi^/cji'^ 
determination is appropriate. 
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Beside fo being a CP eigenstate, the final state can be ciiosen to arise from DCS decays [625,634]. 
In this case the strong phase enters the expressions. To illustrate the effect of 6d on extraction 
of the angle 7/03 one can envisage usage of two distinct final states, for example the above men- 
tioned / = K~ ,TT^TT^ and K^tt^ which can also be reached from either or D^. For the 
former the same asymmetry A^k can be measured, while for the latter the ratio Rdk = Br{B~ —>■ 
DsupK )/ Br{B^ —>■ DfavK~) is also sensitive to 7/03. Here, Dgup denotes DCS decays —>■ 
K'^TT^ and Djav stands for K^ir^. Rdk depends on the unknown angles: 

Rdk = r% + r]j + 2rBrD cos (63 + So) cos 7/ (p3 , (193) 

with rjj = (6.2 ± 0.1) x 10~^ [119]. Assuming rs is known, measuring Adk and Rdk constrains 
possible ranges for 6b and 7/03. Knowledge of 6d clearly helps in limiting the ("-//(ps, 5b) allowed 
region. We can use the projected result yl/jx = 0.06±0. 05 and the ratio Rdk = (2.3ibl.5ib0.1) x 10~^ 
as obtained using 250 fb^^ of data [944]. Hence one can expect Rdk = (2.3 ± 0.6) x 10^^ with the 
final B-factories data set. The approximate two dimensional 68% C.L. contour obtained by plotting the 
corresponding of the two projected measurements as a function of 7/03 and Sb is shown in Figl55l 
The left plot shows the allowed region for the current value of Sd = {0 i: 1.15) rad [940]. To show the 
effect of an improved knowledge of the D meson decays strong phase the value J/j = (0 ± 0.45) rad (see 
Table l42l ) is used in the right plot. The allowed region of the unknown angles is significantly reduced 
although it should be noted that the actual region strongly depends on the central values of 5/5 as well as 
vb (for the latter the value 0.12 was used in the plots). 




p_5 [rad] p.i [rad] 



Fig. 55: 68% C.L. contour for j/c/j^ and Sb using the projected results of measurements described in the text. The 
strong phase difference Sd between K^i:^ / K~t:'^ decays is assumed to have the values marked in the 

plots. 



3.9.12 CP Violation with & without Oscillations 

3.9.13 Theoretical overview 

Most factors favour or even call for dedicated searches for CP violation in charm transitions: 

© Since baryogenesis implies the existence of New Physics in CP- violating dynamics, it would 
be unwise not to undertake dedicated searches for CP asymmetries in charm decays, where the 'back- 
ground' from known physics is between absent and small: for within the SM the effective weak phase 
is highly diluted, namely ~ 0{X^), and it can arise only in singly-Cabibbo-suppressed transitions. 



where one expects asymmetries to reach the 0(0.1%) level; significantly larger values would signal 
New Physics. Any asymmetry in Cabibbo-allowed or doubly-suppressed channels requires the inter- 
vention of New Physics - except for D"^ Kstt^ [893], where the CP impurity in Ks induces an 
asymmetry of 3.3 • 10~^. One should keep in mind that in going from Cabibbo-allowed to Cabibbo 
singly- and doubly- suppressed channels, the SM rate is suppressed by factors of about twenty and four 
hundred, respectively: 

rsM{Hc ^[S = -1]) : Tsm{Hc ^[S = 0]) : TsMiHc ^ [S = +1]) ~ 

1 : 1/20 : 1/400 (194) 

One would expect that this suppression will enhance the visibihty of New Physics. 

Strong phase shifts required for direct CP violation to emerge in partial widths are in general 

large as are the branching ratios into relevant modes; while large final state interactions complicate the 
interpretation of an observed signal in terms of the microscopic parameters of the underlying dynamics, 
they enhance its observability. 

© Since the SM provides many amplitudes for charm decays, CP asymmetries can be Unear in 
New Physics ampUtudes thus increasing sensitivity to the latter. 

© Decays to final states of more than two pseudoscalar or one pseudoscalar and one vector meson 
contain more dynamical information than given by their widths; their distributions as described by Dalitz 
plots or T odd moments can exhibit CP asymmetries that might be considerably larger than those for the 
width. This will be explained in a bit more detail later on. 

© The distinctive chaimel D"^* Dtt^ provides a powerful tag on the flavour identity of the 
neutral D meson. 

© The 'fly in the ointment' is that — oscillations are on the slow side. 

© Nevertheless one should take on this challenge. For CP violation involving D^—D^ oscillations 
is a reliable probe of New Physics: the asymmetry is controlled by sinAm/ji • \m.{q/p)p{D /). 
Within the SM both factors are small, namely ~ 0{W~^), making such an asymmetry unobservably 
tiny - unless there is New Physics; for a recent New Physics model see [429]. One should note that this 
observable is linear in xd rather than quadratic as for CP insensitive quantities like D^{t) l^X. 
]jO _ £)Q oscillations, CP violation and New Physics might thus be discovered simultaneously in a 
transition. We will return to this point below. 

© Honesty compels us to concede there is no attractive, let alone compelUng scenario of New 
Physics for charm transitions whose footprints should not be seen also in B decays. 

© It is all too often overlooked that CPT invariance can provide nontrivial constraints on CP asym- 
metries. For it imposes equaUty not only on the masses and total widths of particles and antiparticles, 
but also on the widths for 'disjoint' subsets of chaimels. 'Disjoint' subsets are the decays to final states 
that csamot rescatter into each other. Examples are semileptonic vs. nonleptonic modes with the latter 
subdivided further into those with strangeness S = —1,0. + 1. Observing a CP asymmetry in one 
channel one can then infer in which other channels the 'compensating' asymmetries have to arise [893]. 

3.9.14 Direct CP violation in partial rates 

CP violation in AC = 1 dynamics can be searched for by comparing partial widths for CP conju- 
gate channels. For an observable effect two conditions have to be satisfied simultaneously: a transition 
must receive contributions from two coherent amplitudes with (a) different weak and (b) different strong 
phases as well. While condition (a) is just the requirement of CP violation in the underlying dynamics, 
condition (b) is needed to make the relative weak phase observable. Since the decays of charm hadrons 
proceed in the nearby presence of many hadronic resonances inducing virulent final state interactions 
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(FSI), requirement (b) is in general easily met; thus it provides no drawback for the observability of a 
CP asymmetry - albeit it does for its interpretation. 

As already mentioned CKM dynamics does not support any CP violation in Cabibbo allowed and 
doubly suppressed channels due to the absence of a second weak amplitude; the only exception are modes 
containing a Ks (or Kl) like Kstt^ vs. Kstt^ which have to exhibit an asymmetry 

of 0.0032 reflecting the CP impurity in the Ks (or Kl) wave function. In once-Cabibbo-suppressed 
transitions one expects CP asymmetries, albeit highly diluted ones of order ~ 10~^. 

While we have good information on the size of the weak phase, we do not know how to predict the 
size of the relevant matrix elements and strong phases in a reUable way. Even if a direct CP asymmetry 
larger than about 10~^ were observed in a Cabibbo-suppressed mode - say even as large as 10^^ -, 
at present we could not claim such a signal to establish the intervention of New Physics. A judicious 
exercise in 'theoretical engineering' could, however, solve our conundrum. 

3.9.15 Theoretical Engineering 

CP asymmetries in integrated partial widths depend on hadronic matrix elements and (strong) phase 
shifts, neither of which can be predicted accurately. However the craft of theoretical engineering can be 
practised with profit here. One makes an ansatz for the general form of the matrix elements and phase 
shifts that are included in the description of D ^ PP, PV, VV etc. chaimels, where P and V denote 
pseudoscalar and vector mesons, and fits them to the measured branching ratios on the Cabibbo allowed, 
once and twice forbidden level. If one has sufficiently accurate and comprehensive data, one can use 
these fitted values of the hadronic parameters to predict CP asymmetries. Such analyses have been 
undertaken in the past [945], but the data base was not as broad and precise as one would like. CLEO-c 
and BESIII measurements will certainly lift such studies to a new level of reliability. 

3.9.16 CP violation in final state distributions 

Once the final state in D ^ / is more complex than a pair of pseudoscalar mesons or a pseudoscalar 
plus a vector meson it contains more dynamical information than given by the modulus of its amplitude, 
since its kinematics are no longer trivial. CP asymmetries in final state distributions can be substantially 
larger than in integrated partial widths. 

The simplest such case is given by decays into three pseudoscalar mesons, for which Dalitz plots 
analyses represent a very sensitive tool with the phase information they yield. They require large statis- 
tics; yet once those have been obtained, the return is very substantial. For the constraints one has on a 
Dalitz plot population provide us with powerful weapons to control systematic uncertainties. 

Such phenomenological advantages of having more complex final states apply also for four-body 
etc. final states. Measuring T odd moments with 

Qrj. ^ -Oj. (195) 

is an efficient way to make use of data with limited statistics. A simple example for a final state with four 
mesons a, b, c and d is given by Ot = {Pc ■ {Pa x Pb))- 

While FSI are not necessary for the emergence of such effects - unlike the situation for partial 
width asymmetries -, they can fake a signal of T violation with T being an antilineai operator; yet that 
can be disentangled by comparing T odd moments for CP conjugate modes [946]: 

Ot{D ^ f) ^ -Ot{D ^ f) =^ CP violation (196) 

A dramatic example for CP violation manifesting itself in a final state distribution much more 
dramatically than in a partial width has been found in Kl decays. Consider the rare mode Kl 
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TT+TT e^e and define by <t> the angle between the tt+tt and e+e planes. The differential width has 
the general form 

^{Kl 7r+7r~e+e~) = Vicos^d) + V2Svo?6 + racos^sino!) (197) 

acp 

Upon integrating over the term drops out from the total width, which thus is given in terms of ri_2 
with Fa representing a forward-backward asymmetry. 

Under P and T one has cos^sin^ — coscf) sin^. Accordingly (A) and Fs constitute a T odd correlation, 
while Fi 2 are T even. F3 is driven by the CP impurity in the kaon wave function. (A) has been 
measured to be large in full agreement with theoretical predictions [947]: 

{A) = 0.138 ± 0.022 . (199) 

One should note this observable is driven by |eft:| ~ 0.0023. 

D decays can be treated in an analogous way. Consider the Cabibbo-suppressed channel 

KKtt+tt- (200) 
and define 4> to be the angle between the KK and tt+tt" planes. Then one has 

^(D ^ KKTT+Tr~) = Ficos^o!) + F2sinV + r3COS0sin^ (201) 

— (D^KKTr+TT-) = ficos^0 + f2sin2^ + f3cos0sin^ (202) 
acp 

As before the partial width for D[D] — *■ KKTr~^Tr~ is given by Fi^2[f 1,2]; Fi / f 1 or F2 / f 2 represents 
direct CP violation in the partial width. Fa&f 3 constitute T odd correlations. By themselves they do not 
necessarily indicate CP violation, since they can be induced by strong final state interactions. However 

F3^f3 ^ CP violation! (203) 

It is quite possible or even likely that a difference in F3 vs. f 3 is significantly larger than in Fi vs. Fi 
or F2 vs. r2. Furthermore one can expect that differences in detection efficiencies can be handled by 
comparing F3 with Fi 2 and r3 with f 1 2. 



3.9.17 CP asymmetries involving oscillations 

For final states that are common to and decays one can search for CP violation manifesting 
itself with the help of — oscillations in qualitative - though certainly not quantitative - analogy 
to Bd ipKs. Such common states can be CP eigenstates - like — > K'^K~ /tt~^tt~ /Ksr]'^'^ -, 
but do not have to be: two very promising candidates are K^tt+tt", where one can bring the full 

Dalitz plot machinery to bear, and K^tt^ vs. K~tt^, since its SM amplitude is doubly- 

Cabibbo-suppressed. Undertaking time-dependent Dalitz plot studies requires a higher initial overhead, 
yet in the long run this should pay handsome dividends exactly since Dalitz analyses can invoke many 
internal correlations that in turn serve to control systematic uncertainties. 

'*This mode can exhibit direct CP violation even within the SM. 
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Searching for such effects with the required sensitivity (see below) will be quite challenging. 
Nevertheless one should take on this challenge. For CP violation involving — oscillations is a 
reliable probe of New Physics: the asymmetry is controlled by sinAmzjt • lm{q/p)p{D /). Within 
the SM both factors are small, namely ~ 0(10"^), making such an asymmetry unobservably tiny - 
unless there is New Physics; for a recent New Physics model see [429]. One should note that this 
observable is linear in xd rather than quadratic as for CP-insensitive quantities like l~X. 
£)0 _ £)0 oscillations, CP violation and New Physics might thus be discovered simultaneously in a 
transition. 



3.9.18 Experimental searches for CP violation 

Let the amplitude for to decay to a final state / be written as 

Af = (/|Wint|i^°) 

where Hint is the interaction Hamiltonian responsible for ^ f. If CP is conserved, that is if 
[Hint, CP] = 0> then we can clearly write 

Af = (/|(C7P)t(CP)Ki„t|£'°) (204) 

= {f\{CP)^Hint{CP)\D^) 
= -{f\Hint\&) = -Aj 

where / is the conjugate final state to /. Consequently, a measurement that shows T{D^ f) 
V{D^ /) is a demonstration that CP is violated in this decay. 

Most CP violation results are from the FNAL fixed target experiments E791 and FOCUS, and the 
CLEO experiment and search for direct CP violation. The CP violation asymmetry is defined as 

, r(f;^/)-r(J^7). 

A few results from CLEO, BaBar and Belle experiments consider CP violation in mixing. Typically, 
precisions of a few percent are obtained [1 19]. No evidence for CP violation is observed consistent with 
Standard Model expectations. 

Certainly very large samples will be available from hadron colliders. From an existing CDF mea- 
surement [950] it is possible to anticipate yields of over 0.5-1 milUon Z)° — > K'^K~ events being 
available with the Ukely final Tevatron integrated luminosity of 5-10 fb~^. This sample will have an 
intrinsic statistical precision of < 0.2%. With the higher production cross-section and its dedicated D* 
trigger LHCb will accumulate samples of up to 10 million tagged events in each year of nominal opera- 
tion [913]. The RICH system will ensure a low background, and these decays will be complemented by 
those selected in the D° tt'^tt' mode. In order to exploit these enormous statistics it will be necessary 
to pay great attention to systematics biases. Initial state asymmetries and detector asymmetries will be 
the main concerns. 



3.9.18.1 Three-body decays 

Direct CP violation searches in analyses of charm decays to three-body final states are more complicated 
than two-body decays. Three methods have been used to search for CP asymmetries. (1) Integrate over 
phase space and construct Acp as in two-body decays; (2) Examine CP asymmetry in the quasi-two- 
body resonances; (3) Perform a full Dalitz-plot analysis for D and D separately. The Dalitz-plot analysis 
procedure [914] allows increased sensitivity to CP violation by probing decay amplitudes rather than 
the decay rate. E791 [915], FOCUS [916] and BABAR [917] have analyzed D+ K+K-'k+ using 
method (1). E791 and BABAR have also analyzed K-K+Tr+ using method (2). FOCUS has 
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a Dalitz-plot analysis in progress [918]. The — > K^K^ir^ Dalitz plot is well described by eight 
quasi-two-body decay channels. A signature of CP violation in charm Dalitz-plot analyses is different 
amplitudes and phases for D and D samples. No evidence for CP violation is observed. 

The decay D*^ — > D^ir'^ enables the discrimination between and D^. The CLEO collab- 
oration has searched for CP violation integrated across the Dalitz plot in K^n^n^ [919,920], 
K^TT+vr^ [921] and 7r"'"7r~7r'^ [922] decays. No evidence of CP violation has been observed. 

CLEO has considered CP violation more generally in a simultaneous fit to the i^^vr+vr" 
and — > KgTT~^TT^ Dalitz plots. The possibility of interference between CP-conserving and CP- 
violating amplitudes provides a more sensitive probe of CP violation. The constraints on the square of 
the CP-violating amplitude obtained in the resonant submodes of — > KgTT~^7r~ range from 3.5 x 10~^ 
to 28.4 X 10"^ at 95% confidence level [921]. 

3.9.18.2 Four-body decays 

FOCUS has searched for T-violation using the four-body decay modes —>■ K^K^ir^ir^ [946]. As 
described in Section [3.9. 161 a T-odd correlation can be formed with the momenta, Ct = {PK+-{Pn+ ^ 
p^-)). Under time-reversal, Ct —Ct, however Ct does not establish T-violation. Since 
time reversal is implemented by an anti-unitary operator, Ct 0, can be induced by FSI [923]. This 
ambiguity can be resolved by measuring Ct = {pk+-{p-k+ ^ Ptt~)) va. D K^K' TT^TT \ Ct -/- Ct 
establishes T violation. FOCUS reports a preliminary asymmetry At = 0.075 ± 0.064 from a sample of 
~ 400 decays. More restrictive constraints are anticipated from CLEO-c where in 281 pb~^ a sample of 
2300 K^^K^'K^'K^ have been accumulated. 

3.9.19 Experiments exploiting quantum correlations 

Most high-statistics measurements of decay employ "flavour tagging" through the sign of the slow 
pion in D* — > tTsIqw^- That is, if combined with a slow 7r+ to make a D*^ , the neutral D meson is a 
D^. Conversely, a slow vr" implies a D^. 

An entirely different way to tag flavour, and CP, is to exploit quantum correlations in D^D^ 
production in e^e'^ annihilation [937-939]. 

The production process e+e~ — > V(3770) D^D^ produces an eigenstate of CP+, in the first 
step, since the tpiSnO) has J^^ equal to 1 . Now consider the case where both the and the D'^ 
decay into CP eigenstates. Then the decays ^^(3770) f+fl- or fLf'L are forbidden, where denotes 
a CP+ eigenstate and /_ denotes a CP— eigenstate. This is because CP{fj_ = (—1)^ = —1 for 
the £ = 1 ^(3770). Hence, if a final state such as {K~^K~){tt^tt^) is observed, one immediately 
has evidence of CP violation. Moreover, all CP+ and CP— eigenstates can be summed over for this 
measurement. The expected sensitivity to direct CP violation is ~ 1%. This measurement can also be 
performed at higher energies where the final state D*^D*^ is produced. When either D* decays into a 
vr*^ and a D^, the situation is the same as above. When the decay is D*^ —>■ ^D^ the CP parity is changed 
by a multiplicative factor of -1 and all decays f^f'L violate CP [923]. Additionally, CP asymmetries in 
CP even initial states depend linearly on x allowing sensitivity to CP violation in mixing of ~ 3%. 

For e^e~ machines running at the ^(3770), the D mesons are produced with very little momentum 
in the laboratory. Hence, their flight distance is virtually impossible to determine, and we instead measure 
time-integrated decay rates. From Ref. [939] 

r(j, k) = Qm \A{j, k)\^ + Rm \B{j, k)f (206) 

where 

A{j, k) = AjAk - AjAk 



is the "unmixed" contribution to the decay rate, and 



B{j,k)^^A,Ak-^A,A, 
q p 

is the contribution from Z)*^ — mixing. The integrations also yield the factors 



Qm 
Rm 



1 1 

+ 



1 — 1 + 
1 1 



1 — y 1 + 



Mixing does not occur if the eigenstates of the decay Hamiltonian have the same mass and width, i.e. 
X = y = 0. In any case, we expect Rm <^ Qm ^ ^- Nevertheless, mixing would result in the second 
term of Eg. 12061 and it is here that one obtains sensitivity to CP violation through q p. This will be 
exploited at CLEO-c, and eventually to a greater extent at BES III. 



3.9.20 Benchmarks for future searches 

Since the primary goal is to establish the intervention of New Physics, one 'merely' needs a sensitivity 
level above the reach of the SM; 'merely' does not mean it can easily be achieved. As far as direct 
CP violation is concerned - in partial widths as well as in final state distributions - this means asymme- 
tries down to the 10^'^ or even 10~^ level in Cabibbo-allowed channels and 1% level or better in twice 
Cabibbo-suppressed modes; in Cabibbo-once-suppressed decays one wants to reach the 10^'^ range al- 
though CKM dynamics can produce effects of that order because future advances might sharpen the SM 
predictions - and one will get them along with the other channels. For time dependent asymmetries in 
—>■ KsTT^TT^, K^K^ , vr+TT^ etc. and in K^tt^ one should strive for the 0(10^'^) and 

C?(10~^) levels, respectively. 

Statisticswise these are not Utopian goals considering the very large event samples foreseen at 

LHCb. 

When probing asymmetries below the ~ 1% level one has to struggle against systematic uncertain- 
ties, in particular since detectors are made from matter. There are three powerful weapons in this struggle: 
(i) Resolving the time evolution of asymmetries that are controlled by xd and yn, which requires ex- 
cellent microvertex detectors; (ii) Dalitz plot consistency checks; (iii) quantum statistics constraints on 
distributions, T odd moments etc. [937, 939] 



3.9.21 Rare Decays 

Searches for rare-decay processes have played an important role in the development of the SM. Flavour 
changing neutral current (FCNC) processes have been studied extensively for K and B mesons in both 
mixing and in rare FCNC decays. The corresponding processes in the charm sector 
has recieved less attention and the experimental upper limits are currently above SM predictions. Short- 
distance FCNC processes in charm decays are much more highly suppressed by the GIM mechanism 
than the corresponding down-type quark decays because of the large top quark mass. 

Observation of FCNC decays D^,Df — > n^l^l'' and K^l~^l~ could therefore provide an 
indication of New Physics or of unexpectedly large rates for long-distance SM processes like 
TT^V, V with a real or virtual vector meson V. Detailed description on rare charm decays 

can be found in references [892, 894]. The charm meson radiative decays are also very important to 
understand final state interaction which may enhance the decay rates. In Ref. [892, 894], the decay rates 
of D ^ {V can be (p, lo, p and K* ) had been estimated to be 10^^ — 10^^, which can be reached at 
BES-III and the B-factories. 



3.9.22 Inclusive c — > u transitions 

The s ^ d and b s transitions offer a possibility to investigate effects of New Physics in the down- 
type quark sector. The c ^ u transition, however, gives a chance to study effects of New Physics in 
the up-type quark sector. In the Standard Model the contribution coming from the penguin diagrams 
in c ^ wy transition is strongly GIM suppressed giving a branching ratio of order 10~^^ [951]. The 
QCD-corrected effective Lagrangian gives BR{c ^ it7) ~ 3 X 10"*^ [952,953]. A variety of models 
beyond the standard model were investigated and it was found that the gluino exchange diagrams [954] 
within general minimal supersymmetric SM (MSSM) might lead to the enhancement 

BR(c^u7)mssm ^^q2. (207) 
BR(c —>■ u7)sM 

Within SM the c ul^l~ amplitude is given by the 7 and Z penguin diagrams and W box diagram 
at one-loop electroweak order in the standard model. It is dominated by the light quark contributions 
in the loop. The leading order rate for the inclusive c ul^l~ calculated within SM [955] was found 
to be suppressed by QCD corrections in [892]. The inclusion of the renormalization group equations 
for the Wilson coefficients gave an additional significant suppression [956] leading to the rates r(c 
tte+e-)/r£,o = 2.4 x 10"^° and T{c u^i+ ^i-)/T = 0.5 x 10"^°. These transitions are largely 
driven by virtual photon at low dilepton mass rriu. 

The leading contribution to c ^ ul^l^ in general MSSM with the conserved R parity comes from 
one-loop diagrams with gluino and squarks in the loop [892, 954, 955]. It proceeds via virtual photon 
and significantly enhances the c ul'^lr spectrum at small dilepton mass mu. The authors of [892] 
have investigated supersymmetric (SUSY) extension of the SM with R parity breaking and they found 
that it can modify the rate. Using the most recent CLEO [957] results for the vr+e+e^ one can 

set the bound for the product of the relevant parameters entering the R parity violating \'22k^'2ik — 001 
(assuming that the mass of squark Mjj^ ~ 100 GeV). This bound give the rates BRji{c — ^ ue'^e") ~ 
1.6 X 10-s and BRr{c ti^+^u") ~ 1.8 x 10"^. 

Recently, the effects of Littlest Higgs models were investigated in rare D decays [145] and it was 
found that there is a new tree level coupling in which gives a c ^ uZ transition. However, that effect is 
insignificant due to the parameters constrained by the present electroweak data (see Ref. [25] in [145]). 
A number of models of New Physics contain an extra up-type heavy quark [959] causing the appearance 
of the flavour changing neutral currents at tree level for the up-quark sector. The Lagrangian which 
describes this FCNC interaction is given by 

jOnc = —^Z^{J^, - sin^ OwJ'^em)^ (208) 
cos ow 

where J^m same electromagnetic current as in the SM, while is given by 

l,-_ 1 

2' 

with L = |(1 — 75) and mass eigenstates = {ul, CL,tL,TL)'^, = (d^, s^, The neutral 
current for the down-type quarks is the same as in the SM, while the up sector has additional currents 
(see ref. [145]). The unitarity conditions of the CKM matrix might constrain this coupling. However, 
the present bound on Am in — transition limits the parameter describing the cuZ vertex to be 
n„c — 0.004, giving the more strict limit on that parameter. The invariant dilepton mass distribution of 
ihe c ^ ul^l~ distribution is only moderately enhanced. 



Jw^ = i^urr^ur - ^Di:rDf (209) 



3.9.23 Exclusive rare D decays 

The study of exclusive D meson rare decay modes is very difficult due to the dominance of the long- 
distance effects [145,892-894,951-963] . The i:> ^ F7 decay rates were calculated in Refs. [894, 
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951,960,962]. The long-distance contribution is induced by the effective nonleptonic |Ac| = 1 weak 
Lagrangian. In calculations of Ref . [962] the long-distance effects were determined using a heavy meson 
chiral Lagrangian. The factorization approximation has been used for the calculation of weak transition 
elements. The results of Ref. [951] obtained within a different framework are in very good agreement 
with the results of Ref. [962]. In Table |44] the branching ratios of D —>^ V-y decays [962] are given. 
The uncertainty is due to relative unknown phases of various contributions. Although the branching 

Table 44: Predicted branching ratios for D Vy decays. 
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K*+j 


[0.3 


- 4.4] X 10-^ 






[0.3 


- 2.0] X 10-^ 



ratios are dominated by the long-distance contributions, the size of the short-distance contribution can be 
extracted from the difference of the decay widths T{D^ p^y) and T{Y)^ 1^7) [961]. Namely, the 
long-distance mechanism cu —>■ ddy screens the cu —>■ uuy transition in —>■ p^-y and —>■ ujy, the 
pO and oj mesons being mixtures of uu and dd. Fortunately, the LD contributions are mostly cancelled 
in the ratio 

BR{D^ ^ - BR{D^ ^ ^7) ^ A{D^ ^ uuy) 
= BR{D^ ^ 0.7) " A{D^ ddy) ' 

which is proportional to the SD amplitude A{D^ uuy) driven by c ^ uy. This ratio is i2sM = 
(6 ± 15)% in Ref. [961], and can be enhanced up to 0(1) in the MSSM. In addition to the c ^ wy 
searches in the charm meson decays, in Ref. [955] it was suggested to search for this transition in the 
decay Be B*^, where the long distance contribution is much smaller. 

The inclusive c —>■ ul^l~ process can be tested in the rare decays D —>■ p^p^, D —>■ P(y)l^l^ 
[892, 894, 955, 956]. The branching ratio for the rare decay D —>■ p~^ p" is very small in the SM. The 
detailed treatment of this decay rate [892] gives Br{D f^^fJ- ) — 3 x lO^^'^ [892]. This decay 
rate can be enhanced within a study which considers SUSY with R-parity breaking effects [892, 893]. 
Using the bound X'22kX2n. ^ 0.001 one obtains the limit Br{D —>■ p'^ p^)ji ~ 4 x 10^^, a value which 
would be accessible at LHCb [913]. The D —>■ P(y)l^l^ decays offer another possibility to study the 
c — > ul~^l~ transition in charm sector. The tt^I^I^ and p^e^e^ decay modes are simplest 

to be accessed by experiment [145]. The effects of SUSY with R parity violation were studied in [892]. 
The recent experimental results of [957] restrict the R parity violating parameters found in [892] more 
than one order of magnitude. 

The most appropriate decay modes for the experimental searches of the New Physics coming from 
the FCNC tree level current are D+ n+l'^l' and p^e^e". The total rate for D Xl+l~ 

is dominated by the long-distance resonant contributions at dilepton mass rrin = rup, m^, and 
even the largest contributions from New Physics are not expected to affect the total rate significantly 
[892,955]. New Physics could only modify the SM differential spectrum at low mu below p or the 
spectrum at high mu above (p. In the case of D ^ 7r/+/- differential decay distribution there is a 
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Fig. 56: (left) The dilepton mass distribution dBr j dm?^^ for the decay 7r+e+e^ as a function of the 

dilepton mass square m^g — (p+ + p-)^. (right) The figure shows the dilepton mass distribution for 



broad region at high mu (see Fig. I3.9.23I I. which presents an unique possibility to study the c — > ul~^l 
transition [145,955]. In Table [45] we present branching ratios for the — > 7r"'"e+e~ and —>■ p^l~^l~ 



Table 45: Branching ratios for the decays probing the c — > ul^l transition 
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short distance 
contribution only 


total rate ~ 
long distance contr. 


experiment 




SM 


SM + NP 








6 X 10"^2 
6 X 10"^2 


8 X 10"^ 
8 X 10"^ 


1.9 X 10"^ 
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< 7.4 X 10"^ 

< 8.8 X 10"^ 




negligible 
negligible 


5 X 10"^° 
5 X 10"^° 


1.6 X 10"^ 
1.5 X lO"'^ 


< 1.0 X 10"'' 

< 2.2 X 10"^ 



, giving the SM short-distance, long-distance contributions, as well as the effects of NP arising from the 
existence of one extra up-type quark. The total rates in Standard and New Physics models are completely 
dominated by the resonant long-distance contribution D — > XVq — > Xl^l^ [145,892]. The SM short- 
distance contribution for —>■ p^l~^l~ (see Fig. |3.9.2"3] ) is not shown since it is completely negligible 
in comparison to the long-distance contribution. The forward-backward asymmetry for p^l^l^ 
vanishes in SM, while it is reaching 0.05 in a NP model with extra up-type quark as given in Fig. 13.9.2^ 
Such an asymmetry is stiU small and it will be difficult to observed in present or planned experiments 
given that the rate itself is already small. 

3.9.24 Experimental Results 

There are a large number of FCNC charm decays including radiative, fully leptonic decays, lepton flavour 
violating (LFV) and lepton number violating (LNV), that have been measured experimentally. 

Belle has reported the observation of the decay —>■ 4>j This is the first observation of a flavor- 
changing radiative decay of a charmed meson. The Cabibbo- and colour-suppressed decays — > (/)7r^, 
(pT] are also observed for the first time. The branching fractions are B{D^ <f>j) = [2.()0^q'q^q\^] x 
10"^ - somewhat higher than predicted in TablelH B{D^ 4>7r°) = [8.01 ± 0.26 ± 0.47] x 10""^, and 
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Fig. 57: The figure shows the forward-backward asymmetry for 



B{D^ (l)rj) = [1.48 ± 0.47 ± 0.09] x IQ-^. 

Recently, CLEO-c reported the branching fraction of the resonant decay BTZ{D~^ —>■ 7r~^(/) ^ 
vr+e+e") = (2.8 ± 1.9 ± 0.2) x 10"*^ [957]. The lepton-number-violating (LNV) or lepton-flavour- 
violating (LFV) decays — > ir^l^l^, K~l~^l~^ and vr+^+e^ are forbidden in the SM. Past searches 
have set upper limits for the dielectron and dimuon decay modes [119]. 

The BABAR collaboration has recently reported on FCNC decays of the form /Df /Af 
TT~^ /K~^ /p^t^l'~ , where the two leptons, ^+ and l'^ , can each be either an electron or a muon. Upper 
limits are set at the 90% confidence level between 4 x 10^^ and 40 x 10^^ on the SM and LFV processes 
[958]. 

In Table l46l the current limits and expected sensitivities at BES-III are summarized for and 
D^, respectively. 



3.9.25 Precision CKM Physics 

Precision measurements of the CKM matrix continue to be of great interest, despite impressive strides 
in determining its parameters [7-9, 120,209-21 1]. We first give an overview of ways in which studies of 
charm can help this effort. More details on some aspects are given in subsequent subsections. 

In section 13.9.261 we discuss direct measurements of the CKM elements governing c — > d and 
c ^ s transitions. We then turn in section U.9.27| to ways in which charm can be of help in determining 
the remaining elements. An elementary constraint on new physics is discussed in section U.9.281 while 
section U.9.29l summarizes. 



3.9.26 Direct determinations 

3.9.26.1 Vud> Vus, cind unitarity 

The parameter Vus = A is measured (with some recent contributions playing a key role) to be 0.2257 it 
0.0021 [119]. To sufficient accuracy, one then expects = \/l - \Vus? = 0.9742 ± 0.0005, since 
iKibl — 0.004 and hence its square can be neglected in the unitarity relation + | V^sp + = 1. 

The experimental value for Vud, based primarily upon comparing beta-decays of certain nuclei to muon 
decays, is Vud = 0.97377 ± 0.00027, so unitarity is adequately satisfied for the first row. 
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Table 46: Current and projected 90%-CL upper limits on rare and decay modes at BES-III with 20 fb 
data at ■0(3770) peak. 
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0.03 
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100 
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CLEO-c [957] 
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0.03 




CLEO [969] 
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0.1 




FOCUS [965] 
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0.03 
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0.03 
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3.9.26.2 Vcd 

For the first column, one expects \Vud\'^ + l^cdP + l^tdP = 1- With the value of Vud quoted above 
and \Vtd\ — 0.008, one then expects \Vcd\ = 0.227 ± 0.001. This is to be compared with the value 
0.230±0.011 obtained from neutrino interactions [119] and 0.213 ±0.008 ±0.021 from charm semilep- 
tonic decays [971]. The first error is experimental and the second is associated with uncertainty in the 
form factor. Measurements of the branching fractions for D iilv decay are improving somewhat 
(Sec. 13.9.29.21) so the precision of \ Vcd\ from this source will improve. However, from the current uncer- 
tainties in B{p —>■ irlu) it is clear that one will not be able to match the precision of the unitarity test for 
the first row of the CKM matrix anytime soon. Given CKM unitarity, which says to sufficient accuracy 
that we should expect the value of \Vcd\ mentioned above, one can use it to constrain form factors in 
semileptonic charm decays and compare them with lattice QCD calculations. 

3.9.26.3 Vcs 

A similar philosophy applies to the CKM element Vcs- Unitarity applied to the second column of the 
CKM matrix implies \ Vcs\ = y^l — |14sp — l^tsp- Taking the experimental value of Vus mentioned 
above and the unitarity -based estimate Vts — —Vet, we estimate \ Vcs\ = 0.9733 ±0.0006. This precision 
will not be matched by experiment soon. The best measurements come from semileptonic charm decays 
and yield \Vcs\ = 0.957 ± 0.017 ± 0.093, with the second error coming from uncertainty in the form 
factor. Again, assuming unitarity one will be able to subject lattice gauge theory predictions to important 
tests. 

3.9.27 Indirect tests 
3.9.27.1 Vub 

The primary difficulty in measuring the matrix element l^fe is that it must be extracted from b semilep- 
tonic decays which proceed to charm all but 2% of the time. Inclusive methods must rely on kinematic 
separation techniques, the oldest of which is the study of leptons with energies beyond the endpoint for 
b civ. Exclusive decays such as i? — > ttIu and B piu do not share this problem, but one must 
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understand the corresponding form factors. Tests of form factors in charm decays predicted by lattice 
gauge theories can help validate predictions for B decays. 

The phase of V*^^ (7 or ^3 in the standard parametrisations) can be measured in several ways 
with the help of information from charm decays. These help, for example, in using decays such as 
B —>■ DcpK decays to learn 7. For D modes such as Kstt+tt", 7r+7r~7r°, K^K~7r^, and KsK^ir^, 
Dalitz plots yield information on CP-eigenstate and flavour-eigenstate modes and their relative phases 
[972]. 

The interference of 6 — > cus (real) and b —>■ ucs (~ e~^"') subprocesses in B~ —>■ D^K^ and 
B^ —>■ D^K^, respectively, is sensitive to the weak phase 7. This interference may be probed by 
studying common decay products of and into neutral D CP eigenstates or into doubly-Cabibbo- 
suppressed modes [616,621,622,625,634]. 

As one example, the decays B^ K^{K*^K~)d and B^ K^{K*~K+)d provide infor- 
mation on 7 if the relative (strong) phase between —^ K*^K~ and K*^K^ is known [973]. 
One can learn this relative phase from the study of K'^K^tt^ since both final states occur and 
interfere with one another where K*^ and K*~ bands cross on the Dalitz plot [974]. This method 
was used recently by the CLEO Collaboration [975] to show that this interference was predominantly 
destructive in the overlap region. 

As another example, one can determine 7 using B^ DK^ followed by D — > Ks'k~^t^~ , 
KsK^ K~ , KsTT^TT^TT^ [626,976]. Recent high-statistics studies have been performed by BaBar [630] 
and Belle [628]. The precision of these measurements will eventually be limited by the understanding 
of the D —>■ K^vr+vr" Dalitz plot. K-matiix descriptions of the vrvr S-wave may yield improved models 
of charm Dalitz plots and these models will be tested using the CP tagged sample of charm decays at 
CLEO-c and later at BES-III. The model uncertainty, which is currently ±10°, may be reduced to a few 
degrees. 

Model independent methods [636,977] use CP tagged ^C^vr+vr" and DD (K^vr+vr")^ to 
control the Dalitz plot model uncertainty. Analyses underway at CLEO-c are expected to control this 
systematic uncertainty on 7/(;^)3 to a few degrees. 

3.9.27.2 Vcb 

The semileptonic decays of B mesons to D or D* mesons are one source of information about the 
element Vcb, but one must understand form factors satisfactorily. Lattice gauge theories make predictions 
for such form factors; the validation of lattice form factor predictions in charm decays again is a key 
ingredient in establishing credibility of the B D^*'^ form factor predictions. Moreover, under some 
circumstances it is helpful to have precise information about D branching ratios to specific final states, 
which detailed charm studies can provide. 

3.9.27.3 Vtdmd\Vtd/Vts\ 

The mixing of B^ and B^ is governed primarily by the CKM product If unitarity is assumed, 

\Vtb\ is very close to 1, so the dominant CKM source of uncertainty is \Vtd\- However, the matrix 
element of the short-distance operator inducing the bd —>■ db transition contains an unknown factor 
f^jBs, where Jb is the B meson decay constant, while Bb = 0{1) is known as the "bag constant" or 
"vacuum saturation factor" and expresses the degree to which the vacuum intermediate state dominates 
the transition. The corresponding mixing of strange B's and their antiparticles is governed by |V^^Vts| 
and/I^Bfi^. 

Lattice gauge theories predict not only Jb and Jb^ (as well as the constants Bb and BbJ, but 
also the decay constants fo and /d^ for charmed mesons. Thus, the study of charmed meson decay 
constants (Sec. 13.9.29. II) and their ratios, and comparison with lattice predictions, can shed indirect light 
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on quantities of interest in determining the CKM matrix elements Vtd and Vts- 

To give one example of the role charm measurements can play, it is expected on rather general 
grounds [978] that fss/fB and fos/ fo are equal to within a few percent. Now, the ratio fssl Ib is a 
key ingredient in the extraction of \ Vtd/Vts \ from measurements of B^-B^ and B^-Bj^ mixing. The de- 
termination of Ref. [664] utihzed an estimate [fs, s/BbJ/eVB^) = 1.21^0:035 from the lattice [298]. 
With a sufficiently good measurement of fos/ Id and the theoretical input (again, from the lattice) that 
Bbs/Bb — 1, one could check the lattice prediction or simply substitute an experimental measurement 
for it. 

3.9.28 New physics constraint 

To see how great an impact even modest improvements in testing CKM unitarity in the charm sector 
would have, we consider a model in which a fourth family {t' , h') of quarks is added to the usual three, 
with neutrinos heavy enough to evade the constraint Ni, = 3 due to invisible Z decays. Unitarity relations 
involving the first two rows and columns of the expanded 4x4 CKM matrix allow us to calculate the 
following 90% c.l. upper limits using the best-measured quantities mentioned above: 



Kb' 


= Vi- 


iKdP - 




iKfeP < 0.05 , 


(211) 


\Vcb'\ 


= Vi- 


IKdP - 


\Vcs? - 


iKbP < 0.5 , 


(212) 


\Vt'd\ 


= Vi- 


iKdP - 


\Vcd? - 


\Vtd? < 0.07 , 


(213) 


\Vvs\ 


= Vi- 


1 I' MS 1 


\Vcs?- 


\Vts\^ < 0.5 . 


(214) 



(215) 

The poor quality of the bounds on | Vcf \ and 1 | is largely due to the 10% error on | Vcs \ which translates 
to errors of 0.18 on \Vcb\^ and \Vtd\^ and 90% c.l. upper limits on them of about 1/4. Thus improved 
measurements of Vcs could have a great impact on closing a rather gaping window for new physics or 
even revealing it. 

3.9.29 Summary of overview 

The above examples show that charmed particle studies have a large role to play in precision CKM 
physics, affecting nearly all the elements of the CKM matrix. In turn, precision CKM physics is impor- 
tant as a clue to the very origin of quark masses, since the CKM matrix arises from the same physics 
which generates those masses. 

3.9.29.1 Leptonic Decays 

Purely leptonic decays of charm mesons are of prime importance for checks of theoretical QCD calcu- 
lations and searches for New Physics. Extraction of precise CKM information from neutral B mixing 
requires precision knowledge of the ratio of decay constants for B^ and B^ [213]. While QCD calcula- 
tions provide this estimate, the uncertainties are large and the methods need to checked by seeing if they 
can reproduce charm measurements. Leptonic decays proceed in the Standard Model by annihilation of 
the charm quark and spectator antiquark into a virtual , that transforms to a lepton-antineutrino pair 
as shown for the meson in Fig.l58l 

In the SM the decay width is given by [979] : 

T{D^^l^u) = ^fl,r4Mj,,{l-^^\vcd? , (216) 

where Mjj+ is the mass, is the mass of the final state lepton, \Vcd\ is a CKM matrix element 
assumed to be equal to \Vus\, and Gi? is the Fermi coupling constant. (The same formula applies to 
i^v decays with the replacement of Df mass and | T4s|.) 

17fi 
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Fig. 58: The decay diagram for D+ t^v. 



New Physics can affect the expected widths; any undiscovered charged bosons would interfere 
with the SM . These effects may be difficult to ascertain, since they would simply change the value 
of the /i's. The ratio is much better predicted in the SM than the values individually, so 

deviations see here could point to beyond the SM charged bosons. For example, Akeroyd predicts that 
the presence of a charged Higgs boson would suppress this ratio significantly [980]. 

We can also measure the ratio of decay rates to different leptons, and the predictions then are fixed 
only by well-known masses. For example, for t^v to ^^u: 



r{D+ T+i') 



2 



Any deviation from this formula would be a manifestation of physics beyond the Standard Model. 
This could occur if any other charged intermediate boson existed that coupled to leptons differently 
than mass-squared. Then the couplings would be different for muons and r's. This would be a manifest 
violation of lepton universality, which has identical couplings of the muon, the tau, and the electron to the 
gauge bosons (7, and W^) [981]. (We note that in some models of supersymmetry the charged Higgs 
boson couples as mass-squared to the leptons and therefore its presence would not cause a deviation from 

Eq.mimi) 

The CLEO-c collaboration has published a result for /£>+ [320,982]. Several results have been 
obtained for /£>+, the most precise being a preliminary result from CLEO-c. To measure CLEO- 
c uses a "double-tag" method, possible because at an e"'"e~ centre-of-mass energy of 3770 GeV, the 
location of the ip" resonance, D^D^ final states are produced without any extra particles. Here one 
is fully reconstructed and then there are enough kinematic constraints (energy and momentum) to search 
for fi^vhy constructing the missing mass-squared (MM^) opposite the D~ and the muon, which 

should peak at the essentially zero neutrino mass-squared. Explicitly 

= (i?beam " E^+f - {-p^- -p^+)\ (218) 

where pjj- is the three-momentum of the fully reconstructed D". The CLEO-c MM^ distribution is 
shown in Fig. |59] The peak near zero contains 50 signal events of which 2.8 are estimated background. 

The resulting rate is 

B{D+ ^+u) = (4.40 ± 0.66t°:°^) x 10"^ . (219) 

The decay constant fj^+ is then obtained from Eq. (12161) using 1.040ib0.007 ps as the lifetime [1 19], 
and \Vcd\ = 0.2238±0.0029, giving 

fD+ = (222.6 ± 16.7^1^) MeV . (220) 
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Fig. 59: CLEO-c missing mass-squared distributions, (left) Using tags and one additional opposite sign 
charged track depositing < 300 MeV (consistent with a muon) in the calorimeter and no extra energetic clusters. 
The insert shows the signal region for Z?+ ^ /i+i^ enlarged; the defined signal region is shown between the two 
arrows, (right) Using Dj tags but allowing any energy deposit in the calorimeter (consistent with muon or pion). 



The curve is the predicted shape for the sum 
MM^ < 0.2 GeV^ 



+ D+ 



" V normalized to the data for 



CLEO-c also sets limits on e+z^e) < 2.4 x 10-^ [320,982] and 5(1)+ r+i/) 

branching ratio to < 2.1 x 10^^ at 90% C.L. [983]. These limits are consistent with SM expectations. 

Before turning to theoretical prediction of /£>+, we discuss the current status of — > [i^v. 
Results here have been obtained by several experiments [1 19]. However, these results have been subject 
to sizeable systematic errors, the largest of which usually is the uncertainty on B{Df (/'vr+), that is 
important because the measurements are usually normalized by taking the ratio of the observed number 
of i'^v events to (p-K^ events. 

CLEO-c eliminates this uncertainty by making absolute measurements directly. Data are obtained 
near 4.170 GeV. Here the cross-section for D*^Df is ~1 nb. Both fi^u and t^u decays are examined, 
with two different decay modes of the t+ used, n^u and e+z^P. The MM^ distribution for the sum of 
fi'^u + Df T^u, r+ — > vr+z^ is shown on the right side of Fig. |59] Analysing these samples 
separately, they find the ratio R from Eg. I217l is consistent with the SM expectation of 9.72. Combining 
both gives a measurement using Eq. l216l of fr,^ = 282 it 16 it 7 MeV. CLEO-c also uses the Df —>■ t^u, 
T — > e'^vi' to find fo^ = 278 zt 17 ± 12 MeV. Combining the two results gives 

/d, = 280.1 ± 11.6 ±6.0 MeV. (221) 



Using only the Dj — > t^u, t — > e^vu and the Dj 

^ _ T{Dt ^ T+u) 
T{Dt ^ li+v) 



fi ly, CLEO-c finds 
= 9.9 ±1.7 ±0.7, (222) 



again consistent with the SM expectation. Furthermore CLEO-c also sets limits on B{Df e^Ve) < 
3.1 X 10-^. 

The branching fractions, modes and derived values of from all measurements are listed in 
Table l47l Most measurements of Df — > I'^u are normalized with respect to B{Df (pn^). These 
measurements are difficult to average because of the uncertainty in this scale, and we do not attempt 
this here. We can extract a value for ratio using the CLEO-c measurements only, since the scale error is 
absent 

fnt /fD+ = 1-26 ± 0.11 ± 0.03 . (223) 
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Table 47: Measurements of /^+ Results have been updated for new values of the Dg lifetime. ALEPH uses both 
measurements to derive a value for the decay constant. 



Exp. 


Mode 


B 






/^+ (MeV) 


CLEO-c 






(6.57 ± 0.90 ± 0.34) • lO"''^ 




281 ± 19± 7 


CLEO-c 




U, T ^ TTV 


(7.1 ± 1.4 ±0.3) • 10 


-2 




296 ± 29 ± 7 


CLEO-c 




'U, T — > eul' 


(6.29 ±0.78 ±0.52) • 10-^ 




278 ± 17 ± 12 


CLEO-c 


combined 








280.1 ± 11.6 ±6.0 


CLEO [984] 






(6.2 ±0.8 ±1.3 ±1.6) • 


10-3 


3.6±0.9 


273 ± 19 ± 27 ± 33 


BEATRICE [985] 




~V 


(8.3 ±2.3 ±0.6 ±2.1) • 


10-3 


3.6±0.9 


315 ± 43 ± 12 ± 39 


ALEPH [986] 






(6.8 ±1.1 ±1.8)- 10- 


-3 


3.6±0.9 


285 ± 19 ± 40 


ALEPH [986] 




'v 


(5.8 ± 0.8 ± 1.8) • 10' 


-2 






OPAL [987] 




'v 


(7.0 ±2.1 ±2.0) • 10 


-3 




286 ± 44 ± 41 


L3 [988] 




V 


(7.4 ± 2.8 ± 1.6 ± 1.8) • 


10-3 




302 ± 57 ± 32 ± 37 


BaBar [322] 






(6.7 ±0.8 ±0.3 ±0.7) • 


10-3 


4.7±0.5 


283± 17±7± 14 



Theoretical calculations of f^+, fD+ the ratio are listed in Table l48l While the CLEO-c 
decay constant results are slightly higher than most theoretical expectations, the ratio is quite consistent 
with Lattice-Gauge theory and most other models. Furthermore, no deviations from SM expectations are 
found in the ratio of decay rates for various lepton species. 



Table 48: Theoretical predictions of and /^+ / fo+- QL indicates quenched lattice calculations. 



Model 


(MeV) 


fr>+ (MeV) 


fr)+/fD+ 


Lattice (n/=2-i-l) [310] 


249 ± 3 ± 16 


201 ± 3 ± 17 


1.24 ±0.01 ±0.07 


QL (Taiwan) [989] 


266 ± 10 ± 18 


235 ± 8 ± 14 


1.13 ±0.03 ±0.05 


QL (UKQCD) [695] 


236 ± Stil 


210 ± Wt\l 


1.13 ±0.021°;°^ 


QL [990] 


231 ± 12tl 


211 ± 141^2 


1.10 ±0.02 


QCD Sum Rules [991] 


205 ± 22 


177 ±21 


1.16 ±0.01 ±0.03 


QCD Sum Rules [992] 


235 ± 24 


203 ± 20 


1.15 ±0.04 


Quark Model [993] 


268 


234 


1.15 


Quark Model [994] 


248±27 


230±25 


1.08±0.01 


Potential Model [995,996] 


241 


238 


1.01 


Isospin Splittings [997] 




262 ± 29 





3.9.29.2 Semileptonic Decays 

The study of semileptonic charm decays has several important ramifications. Figure [60] shows the Feyn- 
man diagram describing these decays. It shows that the matrix element describing these decays can be 
expressed as the product of a leptonic current, unaffected by strong interactions, and a hadronic cur- 
rent, where the non-perturbative QCD effects are generally modelled with form factors. Theoretical 
predictions for these form factors have been derived in the framework of quark models, QCD sum rules, 
and lattice QCD. Thus the study of inclusive and exclusive semileptonic decay branching fractions and 
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form factors provides the experimental constraints needed to assess whether theoretical calculations are 
reliable and feature well understood errors. 



Fig. 60: Feynman diagram for the semileptonic decay of charmed mesons. The QCD non-perturbative effects are 
described by dependent form factors. 



On the other hand, once computational techniques developed to predict relevant form factors 
demonstrate that they can achieve reliable results with well understood errors, these data allow pre- 
cise determinations of the CKM matrix elements V^s and T^d- Moreover a combination of charm and 
beauty semileptonic decay studies can be used to to determine Vuh. 

3.9.30 Branching Fractions 

We are now progressing towards a complete precision determination of the absolute inclusive and exclu- 
sive charm semileptonic branching fractions. Inclusive semileptonic widths can provide some informa- 
tion on weak annihilation diagrams [893]. Finally, better knowledge of the inclusive positron spectra can 
be used to improved modelling of the "cascade" decays 5 — > c — > se'^Ue and thus it affects the precision 
of several measurements of b decays. 

CLEO-c uses the two tagging modes with lowest background (D^ K^ir^ and K^-k^tt^) 
to measure the inclusive and Z?+ semileptonic branching fractions [998]. The kinematic con- 
straints available through the use of D tagged samples from data taken at the V'(3770) provide a unique 
tool to select a pure sample of electrons/positrons coming from D semileptonic decays. They obtain 
B{D^ Xiue) = (6.46 ± 0.17 ± 0.13)% and B{D+ Xlu^) = (16.13 ± 0.20 ± 0.33)%. The 
inclusive branching fractions can be translated into inclusive semileptonic widths T ^+ and F , using 
the well known D lifetimes [119]. These widths are expected to be equal, modulo isospin violations, and 
indeed the measured ratio F^+/F^o = 0.985 ± 0.028 ± 0.015: thus isospin violations are limited to be 
below ~ 3%. 

BES-II [337,999] and CLEO-c [1000, 1001] have recently published data on exclusive semilep- 
tonic branching fractions. BES-II results are based on 33 pb^^; the CLEO-c published data are based on 
the first 57 pb~^, preliminary results included in this report are based on 281 pb^^. 

The variable U = Emiss — \ cPmiss \ > where Emiss and Pmiss represent the missing energy and 
momentum of the D meson decaying semileptonically, is used to select signal events. This variable is 
a non Lorentz invariant version of MM^. Table |49] summarizes the recent data, as well as the averages 
reported in the PDG 2006 [1 19]. 

A comparison between the inclusive branching fractions of the and D*^ mesons with the sum 
of the measured exclusive branching fractions determines whether there are unobserved semileptonic 
decay modes.The corresponding sums of exclusive branching fractions are: TiiB{D^ —>■ Xiiue) = 
6.1 ± 0.2 ± 0.2 and T.iB{D+ Xiiue) = 15.1 ± 0.50 ± 0.50: the measured exclusive modes are 
consistent with saturating the inclusive widths, although there is some room left for higher multiplicity 
modes. In particular, CLEO-c also provides the first evidence for K^ir^-K^e^Ve [1002]. They 

study the MM^, inferred from the missing energy and momentum in the event and they obtain the 




preliminary branching fractions: 

^ i^-vr+vr-e+i/e = (2.9+};^ ± 0.5) x 10"^ (224) 
B{D^ Ki(1270)e+i/e) x B{Ki{mO) K~Tr+7r~) = (2.21^;^ ± 0.2) x 10"^ (225) 

This branching fraction is about at the level predicted by Isgur and Scora [289], and is consistent with the 
expectation that charm semileptonic decays are dominated by the pseudoscalar and vector lowest mass 
resonances. 

Finally, D semileptonic decays are a tool to explore light quark spectroscopy. For example, a 
few years ago the FOCUS collaboration reported some evidence for an s-wave interference effect in the 
decay amplitude of D'^ — > K*^^^u^ [1003]. This observation can shed some light on our understanding 
of the elusive scalar meson k. This observation has been recently confirmed by CLEO-c in the channel 
—>■ K*^e^V(. [1004]. This study will acquire soon a broader scope when CLEO-c will pursue similar 
analyses in the Dg system. 



Table 49: CLEO-c branching fractions and new world averages. 



D+ Mode Recent Data B (%) PDG 2006 



Mode Recent Data B (%) PDG 2006 



K^e+Ve 8.86 ±0.17 ±0.20 8.7 ±0.5 

7r°e+i/e 0.397 ± 0.027 ± 0.028 0.44 ± 0.06 

r/e+i/e 0.129 ±0.019 ±0.07 

^*°e+i/e 5.56 ±0.27 ±0.23 5.61 ± 0.31 

/9°e+i/e 0.232 ±0.020 ±0.012 0.22 ± 0.04 

u^e+Ve 0.149 ±0.027 ±0.005 0-16lg:g^ 



K-e+Ve 3.58±0.05±0.05 3.47±0.13 

vr-e+i^e 0.309±0.012±0.006 0.262±0.026 

K*-e+Ve 2.16±0.15±0.08 2.16±0.16 

p-e+ve 0.156±0.016±0.009 0.194±0.41 



3.9.31 Form factors for D K{'K)ii' and D K*{p)lu 

Recently, non-quenched lattice QCD calculations for D —>■ Klv and D — > -kIv have been reported 
[329]. The chiral extrapolation is performed at fixed E = v-pp, where E is the energy of the light meson 
in the centre-of-mass D frame, v is the unit 4- velocity of the D meson, and is the 4-momentum of 
the light hadron P {K or vr). The results are presented in terms of a parametrisation originally proposed 
by Becirevic and Kaidalov (BK) [277]: 

F F 

(i-r)(i-ar) 

where is the 4-momentum of the electron-i^ pair, = g^/m^,, and F = /+(0), a and /? are 
fit parameters. This formalism models the effects of higher mass resonances other than the dominant 
spectroscopic pole (Dg'^ for the K£u final state and D*^ for iriu [1005]). 

Table [50] shows the fit results obtained from FOCUS [338], CLEO III [1006], Belle [1007], and 
BaBar [1008] compared to the lattice QCD predictions [329]. In addition, all these experiments perform 
a single pole fit, traditionally used because of the conventional ansatz of several quark models [1009], 
and the BK parametrisation discussed before. In Table [5T] we include preliminary results of fits obtained 
with the simple pole model by CLEO-c. All of these experiments obtain very good fits also with simple 
pole form factors; however the simple pole fit does not yield the expected spectroscopic mass. This 
may hint that other higher order resonances are contributing to the form factors [1005]. It has been 
argued [1010] that even the BK parametrisation is too simple and that a three parameter form factor 
is more appropriate. This issue can be resolved by larger data samples, with better sensitivity to the 
curvature of the form factor near the high recoil region. 
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Table 50: Measured shape parameter a compared to lattice QCD predictions. 





aip^ Klv) 




^ vr^i/) 




Lattice QCD [329] 


0.5 ±0.04 ±0.07 


0.44 


±0.04 


± 


0.07 


FOCUS [338] 


0.28 ±0.08 ±0.07 










CLEOm [1006] 


0.36 ± 0.10+|5;|J-^ 


0.37: 


f 0.20 1 
-0.31 ^ 


0. 


15 


Belle [1007] 


0.40 ±0.12 ±0.09 


0.03 


±0.27 


± 


0.13 


BaBar [1008] 


0.43 ± 0.03 ± 0.04 











Table 51: Measured shape parameter a compared to lattice QCD predictions. 



Mpoie (p" ^ Kiv) (GeV) Mpoie (L>° ^ -kIv) (GeV) 



FOCUS [338] 


1.93 ± 0.05 ± 


0.03 


1 qi+o.30 I 

i-yi_o.i5 =■= 


0.07 


CLEOm [1006] 


1.89 ± 0.05lg: 


.04 
,03 


-■ o^+0.10+- 
i.ou_o Qg_o. 


.07 
03 


Belle [1007] 


1.88 ± 0.06 ± 


0.03 


2.01 ± 0.13 


±0.04 


BaBar [1008] 


1.854 ±0.016 


± 0.020 






CLEO-c [1002] 


1.96 ± 0.03 ± 


0.01 


1.95 ±0.04 


±0.02 



In experimental studies oiD ^ K* {p)£i' usually single pole parametrisation of form factors was 
used. Following Becirevic- Kaidalov approach in Ref [1011, 1012] new parametrisation of relevant form 
factors was given by 

- AlM. A^(n2\ - MO) 



^l{q ) — i-b'x ^2\(l ) — {l-b'x){l-b"x) 



This parametrisation takes into account all known scahng properties of the decay to light vector 
semileptonic transition. The study of nonparametric determination of heUcity amplitudes in the semilep- 
tonic D K*{p)£u decays will shed more hght on the corresponding decays in B physics. 

3.9.32 Lattice QCD Checks 

By combining the information of the measured leptonic and semileptonic widths, a ratio Rgi = \I ^y(d^^ ^ 
independent of \Vcd\, can be evaluated: this is a pure check of the theory. We assume isospin sym- 
metry, and thus T{D Tre+i^g) = r(D° —> n'e'^Ue) = 2T{D+ -> Tr^e+i^e)- For the theoret- 
ical inputs, we use the recent unquenched lattice QCD calculations in three flavours [310], as they 
reflect the state of the art of the theory and have been evaluated in a consistent manner. The theory 

ratio is i?*^ = ^/^^^^^ = 0-212 ± 0.028. The quoted error is evaluated through a care- 
ful study of the theory statistical and systematic uncertainties, assuming Gaussian errors. The corre- 
sponding experimental R^f^ is calculated using the CLEO-c ff) and isospin averaged r{D Tre+i/g): 

= ^J ^erj'(^"'j^e^ = 0.237± 0.019. The theory and data are in good agreement, though the errors 
need to be reduced both in theory and experiment to validate the theory at the needed level of precision 
(~ 1 - 3%). 

3.9.32.1 Hadronic Decays 

While the dynamical issues are considerably more complex in nonleptonic than in semileptonic decays 
- both a blessing and a curse -, the available theoretical tools are more hmited. For inclusive rates like 
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lifetimes one can turn to expansions in powers of 1/mc to obtain at least a semi-quantitative descrip- 
tion. For exclusive modes we have 'Old Faithful', namely quark models, but also QCD sum rules and 
chiral dynamics with the latter two (in contrast to the first one) firmly rooted in QCD. Lattice QCD, 
usually perceived as panacea, faces much more daunting challenges in dealing with nonleptonic charm 
ttansitions than for semileptonic modes due to the central role played by strong final state interactions. 
Yet comprehensive measurements can teach us valuable lessons that can enhghten us about light flavour 
spectroscopy and also serve as cross checks on B studies. Below we hst some core examples for such 
lessons. 

3. 9.32.2 Lifetime ratios 

Heavy quark theory (HQT) allows to describe inclusive decays of charm hadrons through an expansion in 
powers of 1/mc implemented by the OPE. With the charm quark mass rUc exceeding ordinary hadronic 
scales merely by a moderate amount the expansion parameter is not much smaller than unity. In the de- 
scription of fully integrated widths like lifetimes the leading nonperturbative contributions arise in order 
rather than 1 / rric, which might be their saving grace. Indeed the resulting theoretical description 
of the lifetime ratios for the seven weakly decaying C = 1 charm hadrons has been remarkably success- 
ful [893]. Note that these seven charm hfetimes vary by a factor of 15, while the four singly -beautiful 
hadrons differ by less than 30%. The Be meson is shorter lived by a factor of three than the other four 
beauty hadrons - not surprisingly, since it represents a glorified charm decay. 

The same framework allows one to predict also the lifetimes of the C = 2 double-heavy baryons 
^cc and even the C = 3 Occc [893]: 

r(S++) - 0.35 ps, t(S+) - 0.07 ps, T(fi+) ~ 0.1 ps, r(0++) ~ 0.14 ps (227) 

The SELEX collaboration has found tantalizing evidence for H^'"*"^ baryons all decaying with ultrashort 
lifetimes below 0.03 ps. This feature cannot be accommodated in HQT. 7/" confirmed, one would have to 
view the apparent successes of the HQT description of the C = 1 lifetimes as mere coincidences. 

3.9.32.3 Absolute branching ratios 

Precision absolute branching fraction measurements are difficult due to normalisation and systematic 
effects. Only one golden mode is needed to anchor the rest for each state. A desire to use all-charged 
final states necessitates use of some three-body modes where proper modehng of the Dalitz structure 
is needed to ensure an accurate efficiency simulation. These results serve not only to normalize charm 
physics, but also much B physics due to dominance oih ^ c decays. For example, charm branching 
fractions affect B D*lv, used to extract Vch- 

Near-threshold DD pairs from V'(3770) decays and D*^Df produced at 4170 MeV from CLEO- 
c now provide the best precision. Systematics are controlled and normalization provided with tagging: 
studying one D vs. a fully-reconstructed tag D. Precision on the golden modes — *■ X^Tr^ and 
K~TT^TT^ results are limited by uncertainties of about 1% per track [1013] from tracking-finding 
and particle-identification efficiencies. Further studies [1014] are reducing these to less than 0.5% per 
track. Current statistical precision for Df — > K^K~tt^ decays [1014] is 5%; final CLEO-c accuracy 
should be about 3%, hmited by statistics. Producing a useful new result for the popular Df ^tt"*" 
mode is complicated by several factors: a non-resonant contribution under the (/), Breit-Wigner tails of 
the (/), treatment of nearby resonances like the /(980), and lack of detail in existing publications. The 
merit of such studies goes beyond determining the branching ratio for Df —>■ ^vr"'" and learning about 
hadronic resonances (see below). Their greatest impact might come in precision analyses of B^ (pKs 
and its CP asymmetries. 
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3.9.32.4 Dalitz plot studies & light flavour spectroscopy 

Dalitz plot studies represent powerful analysis tools that are deservedly experiencing a renaissance in 
heavy flavour decays. Constructing a satisfactory description of the Dalitz plot populations allows one 
to extract the maximal amount of information from the data in a self-consistent way. One has to keep 
in mind, though, that a priori different parametrisations can be chosen; one has to make a judicious 
choice based on theoretical considerations. Along with better theoretical descriptions of the decay rate, 
improved treatments of background and efficiency may also be needed. 

One important application concerns the spectroscopy of light flavour hadrons, i.e. those made up 
from u, d and s quarks. Modes like D{^g-^ Svr, ?,K, Ktttt, KKtt offer more than a treasure trove of 
additional data: since the final state evolves from a well defined initial one, we know some quantum 
numbers of the overall system. Finding evidence for, say, a vrvr resonance like the a in Cabibbo favoured 
D and Cabibbo suppressed Ds modes with parameters consistent with what is inferred from low-energy 
vrvr scattering would constitute a powerful validation for the a being a bona fide resonance. 

Such lessons possess considerable intrinsic value. The latter is greatly amplified, since these 
insights will turn out to be of great help in understanding B decays into the analogous final states, when 
searching for CP asymmetries there. 

3.9.32.5 QCD Sum Rules 

More than twenty years ago a pioneering analysis of D and Ds decays into two-body final states of 
the PP and PV type was performed by Blok and Shifman through a novel application of QCD sum 
rules. Those are - unlike quark models - genuinely based on the QCD. Their drawback, as for most 
applications of QCD sum rules, is that one has to allow for an irreducible theoretical uncertainty of about 
20%; furthermore they are very labour intensive. The authors of Ref. [1015] assumed SU (3) // symmetry 
to make their analysis manageable - clearly a source of significant theoretical uncertainty. It would be 
marvellous, if some courageous minds would take up the challenge of updating and extending this study. 

3.9.32.6 On theoretical engineering 

Even without reliable predictions for exclusive nonleptonic widths, it makes a lot of sense to measure as 
many as precisely as possible on the Cabibbo allowed, once and twice suppressed levels. It can provide 
vital input into searches for direct CP violation in charm decays. 

CP asymmetries in integrated partial widths depend on hadronic matrix elements and (strong) 
phase shifts, neither of which can be predicted accurately. However the craft of theoretical engineering 
can be practised with profit here. One makes an ansatz for the general form of the matrix elements and 
phase shifts that are included in the description of D ^ PP, PV, VV etc. channels, where P and V 
denote pseudoscalar and vector mesons, and fits them to the measured branching ratios on the Cabibbo 
allowed, once and twice forbidden level. If one has sufficiently accurate and comprehensive data, one 
can use these fitted values of the hadronic parameters to predict CP asymmetries. Such analyses have 
been undertaken in the past [945] and more recently by [1016-1021], but the data base was not as broad 
and precise as one would like. CLEO-c and BESIII measurements will certainly lift such studies to a 
new level of reliability. 

Similar information can be obtained in a more subtle and model independent way using quantum 
entanglement in [937] 

e+e" ^ V(3770) ^ D^D^ (228) 

and observing the subsequent decay of the neutral D mesons into final states like f{D) = K~tt~^ , K^tt~, 
K^K~ , 7r~^7r~. Since the D^D^ pair forms a coherent system, one can extract the strong phases reliably. 
This procedure is described in detail in Subsection 13.9.21 
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3. 9. 32. 7 Time dependent Dalitz studies 

Tracking three-body channels Uke KKir, Kginr through time-dependent Dalitz plot studies is a 

very powerful way to look for New Physics through CP asymmetries involving — oscillations, 
as described in more detail in Sections D.9.2| and r3.9.12| 

3.9.33 Summary on Ongoing and Future Charm Studies 

Even accepting for the moment that the SM can provide a complete description of all charm transitions 
detailed and comprehensive measurements of the latter will continue to teach us important and quite 
possible even novel lessons on QCD. Those lessons are of considerable intellectual value and would also 
prepare us, if the anticipated New Physics driving the electroweak phase transition were of the strongly 
interacting variety. 

Yet most definitely those lessons will sharpen both our experimental and theoretical tools for 
studying B decays and thus will be essential in saturating the discovery potential for New Physics there. 
Analyses of (semi)leptonic charm decays will yield powerful validation challenges to LQCD that if 
passed successfully will be of great benefit to extractions of \Vub\ in particular. Careful studies of three- 
body final states in charm decays will yield useful constraints in analyses of the corresponding B modes 
and their CP asymmetries. The relevant measurements can be made at the Tau-Charm, the B and Super- 
flavour factories. Yet there is one area in this context, where hadronic experiments and in particular 
LHCb can make important contributions, namely in the search for and observation of doubly-heavy 
charm baryons of the [ccq] type and their lifetimes. 

The study of charm dynamics was crucial in establishing the SM paradigm. Even so it is conceiv- 
able that another revolution might originate there in particular by observing non-SM type CP violation 
with and without oscillations. For on one hand the SM predicts practically zero results (except for direct 
CP violation in Cabibbo suppressed channels), and on the other hand flavour changing neutral currents 
might well be considerably less suppressed for up- than for down-type quarks. Charm is the only up-type 
quark that allows the full range of searches for CP violation. Modes like —>■ K^K^, K^ir^ have 
the potential to exhibit (time dependent) CP asymmetries that - if observed - would establish the pres- 
ence of New Physics. Likewise for asymmetries in final state distributions like Dalitz plots or for T odd 
moments. Again especially LHCb appears well positioned to bring the statistical muscle of the LHC to 
bear on analyzing these transitions. 
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4 Prospects for future facilities 

There are several new facilities for flavour physics discussed in the community among which the Su- 
per Flavour Factories (SFF) and the upgrade of the LHCb experiment are the most important ones for 
B physics. These are analysed in this chapter (for future kaon and charm physics facilities see also 
Sections [M] and 

The physics case of a Super Flavour Factory is worked out in Section l4~n All opportunities of 
such a facility in B, charm and r lepton physics are discussed. Then the two existing proposals for such 
a machine, namely Superi? and SuperKEKB, are presented in Section l4!2l and Section 1431 respectively. 
Finally, the physics, detector and accelerator issues of a possible future upgrade of the LHCb experiment 
are discussed in Section l4!4l 

4.1 On the physics case of a Super Flavour Factory 

We summarize the physics case of a high-luminosity e^e^ flavour factory collecting an integrated lumi- 
nosity of 50 — 75 ab^^. Many New Physics sensitive measurements involving B and D mesons and r 
leptons, unique to a Super Flavour Factory, can be performed with excellent sensitivity to new particles 
with masses up to ~ 100 (or even ~ 1000) TeV. Flavour- and CP-violating couplings of new particles 
that may be discovered at the LHC can be measured in most scenarios, even in unfavourable cases as- 
suming minimal flavour violation. Together with the LHC, a Super Flavour Factory, following either 
the SuperKEKB or the SuperS proposal, could be soon starting the project of reconstructing the New 
Physics Lagrangian. 

4.1.1 Introduction 

Many open fundamental questions of particle physics are related to flavour: How many families are 
there? What is their origin? How are neutrino and quark masses and mixing angles generated? Do 
there exist new sources of flavour and CP violation beyond those we already know? What is the relation 
between the flavour structure in the lepton and quark sectors? Future flavour experiments will attempt 
to address these questions providing the exciting possibility to learn something about physics at energy 
scales much higher than those reachable by current experiments. 

The Standard Model (SM) of elementary particles has been very successful in explaining a wide 
variety of existing experimental data. It accounts for a range of phenomena from low-energy physics 
(less than a GeV), such as kaon decays, to high-energy (a few hundred GeV) processes involving real 
weak gauge bosons (W and Z) and top quarks. There is, therefore, little doubt that the SM is the theory 
to describe physics below the energy scale of several hundred GeV, namely all that has been explored so 
far. 

In spite of the tremendous success of the SM, it is fair to say that the flavour sector of the SM is 
much less understood than its gauge sector, reflecting our lack of answers to the questions mentioned 
above. Masses and mixing of the quarks and leptons, which have a significant but unexplained hierarchy 
pattern, enter as free parameters to be determined experimentally. In fact, while symmetries shape the 
gauge sector, no principle governs the flavour structure of the SM Lagrangian. Yukawa interactions 
provide a phenomenological description of the flavour processes which, while successful so far, leaves 
most fundamental questions unanswered. Hence the need to go beyond the SM. 

Indeed the search for evidence of physics beyond the SM is the main goal of particle physics 
in the next decades. The LHC at CERN will start soon looking for the Higgs boson, the last missing 
building block of the SM. At the same time it will intensively search for New Physics (NP), for which 
there are solid theoretical motivations related to the quantum stabiUzation of the Fermi scale to expect an 
appearance at energies around 1 TeV. 

However, pushing the high-energy frontier, i.e. increasing the available centre-of-mass energy in 
order to produce and observe new particles, is not the only way to look for NP. New particles could reveal 
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themselves through their virtual effects in processes involving only standard particles as has been the case 
several times in the history of particle physics. For these kind of searches the production thresholds are 
not an issue. Since quantum effects become typically smaller as the mass of the virtual particles increases, 
the name of the game is rather high precision. As a matter of fact, high-precision measurements probe 
NP energy scales inaccessible at present and next-generation colliders at the energy frontier. 

Flavour physics is the best candidate as a tool for NP searches through quantum effects for several 
reasons. Flavour Changing Neutral Currents (FCNC), neutral meson-antimeson mixing and CP violation 
occur at the loop level in the SM and therefore are potentially subject to 0(1) NP virtual corrections. 
In addition, quark flavour violation in the SM is governed by the weak interaction and suppressed by 
the small quark mixing angles. Both these features are not necessarily shared by NP which, in such 
cases, could produce very large effects. Indeed, the inclusion in the SM of generic NP flavour-violating 
terms with natural 0{1) couplings is known to violate present experimental constraints unless the NP 
scale is pushed up to 10-100 TeV depending on the flavour sector. This difference between the NP scale 
emerging from flavour physics and the one suggested by Higgs physics could be a problem for model 
builders (the so-called flavour problem), but it clearly indicates that flavour physics has the potential to 
push the explored NP scale in the 100 TeV region. On the other hand, if the NP scale is indeed close to 
1 TeV, the flavour structure of NP must be highly non-trivial and the experimental determination of the 
flavour-violating couplings is particularly interesting. 

Let us elaborate on this latter option. Any new-physics model, established at the TeV scale to 
solve the gauge hierarchy problem, includes new flavoured particles and new flavour- and CP-violating 
parameters. Therefore, such a model must provide a solution also to the flavour and CP problems, 
namely how new flavour changing neutral currents and CP-violating phenomena are suppressed. This 
may be related to other interesting questions. For instance, in supersymmetry the flavour problem is 
directly linked to the crucial issue of supersymmetry breaking. Similar problems also occur in models 
of extra-dimensions (flavour properties of Kaluza-Klein states), Technicolour models (flavour couplings 
of Techni-fermions), little-Higgs models (flavour couplings of new gauge bosons and fermions) and 
multi-Higgs models (CP-violating Higgs couplings). Once NP is found at the TeV scale, precision 
measurements of flavour- and CP- violating observables would shed hght on the detailed structure of the 
underlying model. 

On quite general grounds, quantum effects in flavour processes explore a parameter space includ- 
ing the NP scale and the NP flavour- and CP-violating couplings. In specific models these are related to 
fundamental parameters such as masses and couplings of new particles. In particular, NP effects tend to 
disappear at large NP scales as well as for small couplings. Therefore a crucial question is: could NP 
be flavour-blind, thus making searches for it with flavour physics unfeasible? Fortunately, the concept of 
Minimal Flavour Violation (MFV) provides a negative answer: even if NP does not contain new sources 
of flavour and CP violation, the flavour-violating couplings present in the SM are enough to produce 
a new phenomenology that makes flavour processes sensitive to the presence of new particles. In other 
words, MFV puts a lower bound on the flavour effects generated by NP appearing at a given mass scale, a 
sort of "worst case" scenario for the flavour- violating couplings extremely useful to exclude NP flavour- 
blindness and assess the "minimum" performance of flavour physics in searching for NP, always keeping 
in mind that larger effects are quite possible and easily produced in many scenarios beyond MFV. 

In the light of the above considerations, a Super Flavour Factory (SFF), following the recent pro- 
posals for SuperKEKB (see Section 1431 and ref. [820]) and Superi? (see Section 1421 and ref. [211]), has 
one mission: to search for new physics in the flavour sector exploiting a huge leap in integrated luminos- 
ity and the wide range of observables that it can measure. However this goal can be pursued in different 
ways depending on whether evidence of NP has been found at the time a SFF starts taking data. 

In either scenario, a SFF can search for evidence of NP irrespective of the values of the new 
particle masses and of the unknown flavour-violating couplings. A large number of measurements could 
provide evidence for NP at a SFF. A first set is given by measurements of observables which are predicted 
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by the SM with small uncertainty, including those which are vanishingly small (the so-called null tests). 
Among them are the flavour-violating r decays, direct CP asymmetries in B — > Xg+d'^, in r decays 
and in some non-leptonic D decays, CP violation in neutral charm meson mixing, the dilepton invariant 
mass at which the forward-backward asymmetry of B ^ Xs£~^i~ vanishes, and lepton universality 
violating B and r decays. Any deviation, as small as a SFF could measure, from its SM value of any 
observable in this set could be ascribed to NP with essentially no uncertainty. A second set of NP- 
sensitive observables, including very interesting decays such asb ^ s penguin-dominated non-leptonic 
B decays, B tu, B D^*\v, B K*^, B p7, and many others, require more accurate 
determinations of SM contributions and improved control of the hadronic uncertainties with respect to 
what we can do today in order to match the experimental precision achievable at a SFF and to allow for 
an unambiguous identification of a NP signal. The error on the SM can be reduced using the improved 
determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix provided by a SFF itself. This can be 
achieved using generalized CKM fits which allow for a 1% determination of the CKM parameters using 
tree-level and AF = 2 processes even in the presence of generic NP contributions. As far as hadronic 
uncertainties are concerned, the extrapolation of our present knowledge and techniques shows that it is 
possible to reach the required accuracy by the time a SFF will be running using improved lattice QCD 
results obtained with next-generation computers [211] and/or bounding the theoretical uncertainties with 
data-driven methods exploiting the huge SFF data sample. 

As we already noted, the NP search at a SFF could reveal the virtual effect of particles with masses 
of hundreds of TeV and in some cases, notably AF = 2 processes, even thousands of TeV depending 
on the values of the flavour-violating couplings. Therefore this search is worth doing irrespective of 
whether NP has already been found or not. If new particles are discovered at the energy frontier, a SFF 
could enlarge the specttum providing evidence of heavier states not accessible otherwise; if not, quantum 
effects measurable at a SFF could be the only option to look for NP for a long time. 

If the LHC finds NP at the TeV scale - in particular if the findings include one (or more) new 
flavoured particle(s) - then a SFF could measure its flavour- and CP- violating couplings. Indeed all terms 
of the NP Lagrangian non-diagonal in the flavour space are barely accessible at the LHC. A SFF would be 
needed to accomphsh the task of reconstructing them. It seems able to do that even in the unfavourable 
cases provided by most MFV models. Indeed, for the purpose of inferring the NP Lagrangian from 
experiments, the LHC and SFF physics programmes are complementary. 

Finally, it must be emphasised that while a Super Flavour Factory will perform detailed studies 
of beauty, charm and tau lepton physics, the results will be highly complementary to those on several 
important observables related to Bg meson oscillations, kaon and muon decays that will be measured 
elsewhere. Most benchmark charm measurements, in particular interesting NP-related measurements 
such as CP violation in charm mixing, will still be statistics-limited after the CLEOc, BESIII and B 
Factory projects are completed, and can only be pursued to their ultimate precision at a SFF. Operation 
at the T(5S) resonance provides the possibility of exploiting the clean e'^e" environment to measure Bg 
decays with neutral particles in the final state, which will complement the channels that can be measured 
at LHCb. A SFF has sensitivity for r physics that is far superior to any other existing or proposed ex- 
periment, and the physics reach can be extended even further by the possibility to operate with polarized 
beams. It is particularly noteworthy that the combined information on /i and r flavour violating decays 
that will be provided by MEG [1022] together with a SFF can shed light on the mechanism responsible 
for lepton flavour violation. 

4.1.2 Experimental Sensitivities 

A Super Flavour Factory (SFF) with integrated luminosity of 50-75 ab~^ can perform a wide range of 
important measurements and dramatically improve upon the results from the current generation of B 

Factories. Many of these measurements cannot be made in a hadronic environment, and are unique to a 
SFF. The experimental sensitivities of a SFF can be schematically classified in two categories: 
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- Searching for New Physics: 

Many of the measurements that can be made at a SFF are highly sensitive to NP effects, and 
those with precise SM predictions are potential discovery channels. As an example: the mixing- 
induced CP asymmetry parameter for (pK^ decays can be measured to a precision of 0.02, 
as can equivalent parameters for numerous hadronic decay channels dominated by the b —>^ s 
penguin transition. These constitute very stringent tests of any NP scenario which introduces 
new CP violation sources, beyond the Standard Model. The presence of new sources of CP 
violation in D^-D^ mixing, where the SM background is negligible, can be tested to similar 
precision. New physics that appears in the sector (involving up-type quarks) may be different 
or complementary to that in the or B^ sectors. Direct CP asymmetries can be measured to 
the fraction of a percent level in 5 — > 57 decays, using both inclusive and exclusive channels, 
and b s£^i~ can be equally thoroughly explored. Equally precise searches for direct CP 
violation in charm or r decays provide additional NP sensitivity, since the SM background is 
largely absent. At the same time, a SFF can access channels that are sensitive to NP even when 
there are no new sources of CP violation, such as the photon polarization in 6 ^ 57, and the 
branching fractions of B~^ — > i'^i'i, the latter being sensitive probes of NP in MFV scenarios 
with large tan f3. Furthermore, rare FCNC decays of the r lepton are particularly interesting since 
lepton flavour violation sources involving the third generation are naturally the largest. Any of 
these measurements constitutes clear motivation for a SFF. 

- Future metrology of the CKM matrix: 

There are several measurements that are unaffected by NP in many likely scenarios, and which 
allow the extraction of the CKM parameters even in the presence of such NP effects. Among 
these, the angle 7 can be measured with a precision of 1-2°, where the precision is limited only 
by statistics, not by systematics or by theoretical errors. By contrast, the determination of the 
elements \ Vub\ and \ Vcb\ will be limited by theory, but the large data sample of a SFF will allow 
many of the theoretical errors to be much improved. With anticipated improvements in lattice 
QCD calculations, the precision on \ Vub\ and \ Vcb\ can be driven down to the percent level. These 
measurements could allow tests of the consistency of the Standard Model at a few per mille level 
and provide the NP phenomenological analyses with a determination of the CKM matrix at the 
percent level. 

In Tablel52]we give indicative estimates of the precision on some of the most important observables 
that can be achieved by a SFF with integrated luminosity of 50-75 ab^^. Here we have not attempted 
to comment on the whole range of measurements that can be performed by such a machine, but instead 
focus on channels with the greatest phenomenological impact. For more details, including a wide range 
of additional measurements, we guide the reader to the reports [211,498,820, 1023, 1024], where also all 
original references are given. 

The most important measurements within the CKM metrology are the angles of the Unitarity Tri- 
angle, the angle (5 (also known as ^i), measured using mixing-induced CP violation in B^ ^ J/xp K^, 
the angle a (</>2), measured using rates and asymmetries in B tttt pn and pp, and the angle 7 {(ps), 
measured using rates and asymmetries in i? ^ decays, using final states accessible to both 

and D^. Moreover, a SFF will improve our knowledge of the lengths of the sides of the Unitarity 
Triangle. In particular, the CKM matrix element \ Vub\ will be precisely measured thi^ough both inclusive 
and exclusive semileptonic b u decays. 

Among the measurements sensitive for New Physics, there are the mixing-induced CP violation pa- 
rameters in charmless hadronic B decays dominated by the b ^ s penguin transition, S{4>K'^), S{r]'K^) 
and S{KgKgKg). Within the Standard Model these give the same value of sin(2/3) that is determined 

"Notice that this method for extracting a is insensitive to NP in QCD penguins. However it could be affected by isospin- 
breaking NP contributions. 
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Table 52: Expected sensitivity that can be achieved on some of the most important observables, by a SFF with 
integrated luminosity of 50-75 ab^^. The range of values given allow for possible variation in the total integrated 
luminosity, in the accelerator and detector design, and in limiting systematic effects. For further details, refer 
to [211, 1024]. 
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in J/tjj decays, up to a level of theoretical uncertainty that is estimated to be ~ 2-5% within 

factorization. (The theoretical error in these and other modes, such as i? ^ Ksi^^, can be also bounded 
with data-driven methods [88]. Presently these give larger uncertainties but will become more precise 
as more data is available.) Many extensions of the Standard Model result in deviations from this predic- 
tion. Another distinctive probe of new sources of CP violation i& 4)d, the CP violating phase in neutral 
D meson mixing, which is negligible in the SM and can be precisely measured using, for example, 
D iC^TT+TT^ decays. Furthermore, branching fractions for leptonic and semileptonic B decays are 
sensitive to charged Higgs exchange. In particular these modes are sensitive to new physics, even in 
the unfavourable minimal flavour violation scenario, with a large ratio of the Higgs vacuum expectation 
values, tan j3. Measurements of rare radiative and electroweak penguin processes are well-known to be 
particularly sensitive to new physics: The ratio of branching fractions B{B p^)/B{B K*^) de- 
pends on the ratio of CKM matrix parameters 1 14d/Vts|, with additional input from lattice QCD. Within 
the Standard Model this result must be consistent with constraints from the Unitarity Triangle fits. The 
inclusive CP asymmetries Acpib s^) or Acp(b (s + d)^) are predicted in the Standard Model to 
be small or exactly zero respectively with well understood theoretical uncertainties. The mixing-induced 



CP asymmetry in radiative b s transitions, measured for example through S{Kgn^'y), is sensitive to 
the emitted photon polarization. Within the SM the photon is strongly polarized, and the mixing-induced 
asymmetry small, but new right-handed currents can break this prediction even without the introduction 
of any new CP violating phase. Similarly, S{p^^) probes radiative b ^ d transitions. The dilepton 
invariant mass squared s at which the forward-backward asymmetry in the distribution of B ^ Xgl'^l^ 
decays is zero (denoted A^^{B —>■ Xs£'^£') sq), for which the theoretical uncertainty of the Standard 
Model prediction is small, is sensitive to NP in electroweak penguin operators; finally, the branching 
fraction for the rare electroweak penguin decay B — > Kui' is an important probe for NP even if this 
appears only well above the electroweak scale. A SFF also allows for the measurement of branching 
ratios of lepton flavour violating r decays, such as r ^ /U7, r — > /x^u/i and r —>■ fj-q. Within the Stan- 
dard Model, these are negligibly small, but many models of new physics create observable lepton flavour 
violation signatures. 

For some of the entries of Table [52] some additional comments are in order: 

- With such large data samples as will be accumulated by a SFF, the uncertainty on several measure- 
ments will be dominated by systematic errors. Estimating the ultimate precision therefore requires 
some knowledge of how these systematic uncertainties can be improved. One such important chan- 
nel is the mixing-induced CP asymmetry in B^ — > J/t/j K^, which measures sin(2/3) in the SM. 
The systematic uncertainties in the current B Factory analyses are around 1-2%, coming mainly 
from uncertainties in the vertex detector alignment and beam spot position. Another example is 
direct CP asymmetry, both in exclusive and inclusive modes. Measurements with precision better 
than 1% require knowledge of detector asymmetries at the same level. Reduction of these errors 
will be highly challenging, but there is some hope that improvement by a factor of about two may 
be possible. 

- The precision that can be achieved on \ Vub\ depends on improvements in the theoretical treatment. 
The most notable effect is for the exclusive channels, where reduction of the error on form factors 
calculated in lattice QCD is extremely important. 

- The sensitivities for some measurements depend on hadronic parameters that are not yet well 
known. For example, for (pntobe measured at least one of the D^-D^ mixing parameters xd and 
yD must be nonzero. The first evidence for charm mixing has recently been reported [911,936], 
but large ranges for the obtained parameters are still allowed. Our estimate of the sensitivity is 
obtained by extrapolating results from the D Kstt^tt^ time-dependent analysis [929], which 
currently appears to be the single most sensitive channel, although better constraints can certainly 
be obtained by combining information from multiple decays modes. 

- The specific details of the accelerator and detector configuration are important considerations for 
some measurements. For studies of mixing-induced CP asymmetry that obtain the B decay ver- 
tex position from a reconstructed Kg meson (such as B^ K^K^Kg and B^ — > Kgir^j) the 
geometry of the vertex detector plays an important role - better precision is achieved for a larger 
vertex detector. Similarly, several channels with missing energy (such as i? ^ rur, B —>■ DtVt 
and B — > Kvv) make full use of the constraints available in T(4S) BB decays by fully re- 
constructing one B meson to know the kinematics of the other. Such measurements are dependent 
on the background condition and the hermeticity of the detector. Indeed, it is obvious that the 
sensitivity for all measurements depends strongly on the detector performance, and improvements 
in, e.g., vertexing and particle identification capability will be of great benefit to separate signal 
from background. 

- The sensitivity to very rare processes, such as the lepton flavour violating decay t ^ ji^y depends 
strongly on how effectively the background may be reduced and on other possible improvements 
to the analysis techniques used. 
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The sensitivities of these measurements to New Physics effects may be shown by a few examples: 
In Figure [6l] we show a simulation of the time-dependent asymmetry in — > 4)K^, compared to that 
for —>■ J/ijj K^. The events are generated using the cun^ent central values of the measurements. With 
the precision of a SFF and the present central values, the difference between the two data sets is larger 
than the theoretical expectation, showing evidence of NP contributions. 




^-0.5 - 



-8 -6 -4 -2 2 4 6 8 
At(ps) 

Fig. 61: Simulation of new physics effects in 4>K'^, as could be observed by a SFF. The open circles show 

simulated B'^ J/ip events, the filled circles show simulated (f>K^ events. Both have curves showing 

fit results superimposed. From [1024]. 



In Figure [62] we show how lepton flavour violation in the decay t ^ may be discovered at 
a SFF. The simulation corresponds to a branching fraction of B{t —>■ ^7) = 10^^, which is within 
the range predicted by many new physics models. The signal is clearly observable, and well within the 
reach of a SFF. The simulation includes the effects of irreducible background from initial state radiation 
photons, though improvements in the detector and in the analysis may lead to better control of this 
limitation. Other lepton flavour violating decay modes, such as r — > /x/x/x do not suffer from this 
background, and have correspondingly cleaner experimental signatures. 

The differences between the SFF physics programme and those of the current B factories are 
striking. At a SFF measurements of known rare processes such as 6 ^ S7 or CP violation in hadronic 
b ^ s penguin transitions such as B^ —>■ 4>K^ will be advanced to unprecedented precision. Channels 
which are just being observed in the existing data, such as B'^ p^^, B^ T^Vr and B 0^*^X1^ 
will become precision measurements at a SFF. Furthermore, detailed studies of decay distributions and 
asymmetries that cannot be performed with the present statistics, will enable the sensitivity to NP to 
be significantly improved. Another salient example lies in D^-D^ oscillations: the current evidence 
for charm mixing, which cannot be interpreted in terms of New Physics, opens the door for precise 
measurements of the CP violating phase in charm mixing, which is known to be zero in the Standard 
Model with negligible uncertainty. 
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Fig. 62: Monte Carlo simulation of the appearance of t ^ /i7 at a SFF. A clear peak in the invariant mass 
distribution is visible above the background. The branching fraction used in the simulation is B{t ji'y) = 10~*, 
an order of magnitude below the current upper limit. With 75 ab~^ of data the significance of such a decay is 
expected to exceed 5<t. 



In addition, these measurements will be accompanied by dramatic discoveries of new modes and 
processes. These will include decays such as — > Kvu, which is the signature of the theoretically 
clean quark level process h —>■ svu. The high statistics and clean environment of a SFF allow for 
the accompanying B meson to be fully reconstructed in a hadronic decay mode, which then in turn 
allows a one-charged prong rare decay to be isolated. Another example is TT~^£~^i~, the most 

accessible b —>■ d£^£^ process. These decays are the next level beyond b —>■ s£^i^ decays, which were 
first observed in the B Factory era. Such significant advances will result in a strong phenomenological 
impact of the Super Flavour Factory physics programme. 

Comparison with LHCb: Since a SFF will take data in the LHC era, it is reasonable to ask how 
the physics reach compares with the B physics potential of the LHC experiments, most notably LHCb. 
By 2014, the LHCb experiment is expected to have accumulated 10 fb^^ of data from pp collisions at 
a luminosity of ~ 2 x 10^^ cm^^s^^. In the following we assume the most recent estimates of LHCb 
sensitivity with that data set [1025]. Note that LHCb is planning an upgrade where they would run 
at 10 times the initial design luminosity and record a data sample of about 100 fb^^, see Section l4!4l 
and [1026]. 

The most striking outcome of any comparison between SFF and LHCb is that the strengths of the 
two experiments are largely complementary. For example, the large boost of the B hadrons produced 
at LHCb allows studies of the oscillations and mixing-induced CP violation of Bg mesons while many 
of the measurements that constitute the primary physics motivation for a SFF cannot be performed in 
the hadronic environment, including rare decay modes with missing energy such as B^ —>■ l^ui and 
B^ K^vvf. Measurements of the CKM matrix elements \Vub\ and \Vcb\ and inclusive analyses of 
processes such as 6 — > 57 also benefit greatly from the SFF enviroimient. At LHCb the reconstruction 
efficiencies are reduced for channels containing several neutral particles and for studies where the B 
decay vertex must be determined from a meson. Consequently, a SFF has unique potential to measure 




the photon polarization via mixing-induced CP violation in Kgir^j. Similarly, a SFF is well 

placed to study possible NP effects in hadronic b s penguin decays as it can measure precisely the 
CP asymmetries in many B'^ decay modes including (j)K^, rj'K^, K^K^K^ or K^tt^. While LHCb 
will have limited capability for these channels, it can achieve complementary measurements using decay 
modes such as B^ —>■ 07 and B^ —>■ for radiative and hadronic b s transitions respectively. 

Where there is overlap, the strength of the SFF programme in its ability to use multiple approaches 
to reach the objective becomes apparent. For example, LHCb will be able to measure a to about 5° 
precision using B —>■ pir, but would not be able to access the full information in the vrvr and pp channels, 
which is necessary to drive the uncertainty down to the 1-2° level of a SFF. Similarly, LHCb can certainly 
measure sin(2/3) through mixing-induced CP violation in B^ J/ipKg decay to high accuracy (about 
0.01), but will have less sensitivity to make the complementary measurements (e.g., in J/ip tt^ and Dh^) 
that help to ensure that the theoretical uncertainty is under control. LHCb plans to measure the angle 7 
with a precision of 2-3°. A SFF is likely to be able to improve this precision to about 1°. LHCb can 
make a precise measurement of the zero of the forward-backward asymmetry in B^ —>■ K*^p.^ p,^ , but 
a SFF can also measure the inclusive channel b st^i^ , which is theoretically a significantly cleaner 
observable [457]. 

The broad program of a SFF thus provides a very comprehensive set of measurements, extending 
what will already have been achieved by LHCb at that time. This will be of great importance for the 
study of flavour physics in the LHC era and beyond. 

4.1.3 Phenomenological Impact 

The power of a SFF to observe NP and to determine the CKM parameters precisely is manifold. In 
the following, we present a few highlights of the phenomenological impact (for more detailed analyses 
see [211,498,820, 1023,1024]). 

Precise Determination of CKM Parameters in the SM: Most of the measurements described in the 
previous section can be used to select a region in the p-r] plane as shown in Figure [63l The corresponding 
numerical results are given in Table [53] The results indicate that a precision of a fraction of a percent 
can be reached, significantly improving the current situation, and providing a generic test of the presence 
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of NP at that level of precision. Note that in the right plot of Figure |63] - where the expected precision 
offered by a SFF is used - the validity of the SM is assumed, so the compatibility of all constraints is put 
in by hand. In contrast, in Figure |64] we assume that all results take the central values of their current 
world averages with the expected precision of a SFF. In this case, the hints of discrepancies present in 
today's data have evolved into fully fledged NP discoveries. 
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Fig. 64: Region corresponding to 95% probability for the CKM parameter p and rj selected by the different con- 
straints, assuming todays central values with the precision of a SFF. Note for example that the band corresponding 
to the 7 measurement does not pass through the intersection of other constraints. 




Table 53: Uncertainties of the CKM parameters obtained from the Standard Model fit using the experimental and 
theoretical information available today (left) and at the time of a SFF (right). The precision corresponds to the 
plots in Fi gures |63] and l64l 



Parameter 


SM Fit today 


SM Fit at a SFF 


P 


0.163 ±0.028 


±0.0028 


V 


0.344 ±0.016 


±0.0024 


aC) 


92.7 ±4.2 


±0.45 




22.2 ±0.9 


±0.17 


in 


64.6 ±4.2 


±0.38 



Of course, many of the measurements used for the SM determination of 'p-r] can be affected by 
the presence of NP. Thus, unambiguous NP searches require a determination of p and rJ in the presence 
of arbitrary NP contributions, which can be done using AF = 2 processes. 

New Physics in Models with Minimal Flavour Violation: The basic assumption of Minimal Flavour 
Violation (MFV) [10, 12, 1027] is that NP does not introduce new sources of flavour and CP violation. 
Hence the only flavour-violating couplings are the SM Yukawa couplings. One can assume that the top 
Yukawa coupling is dominant in the simplest case with one Higgs doublet and - with some exceptions 
- also in the case with two Higgs doublets with small tan /?; this means that all NP effects amount to a 
real contribution added to the SM loop function generated by virtual top exchange. In particular, in the 



2 - 



> 



2.5 - 



> 




tan^ 



tan/3 



Fig. 65: Exclusion regions at 95% probability in the Mjj± -tan /? plane for the 2HDM-II (left) and the MSSM 
(right) obtained assuming the Standard Model value of B{B Iv) measured with 2 ab^^ (dark (red) area) and 
75 ab"^ (dark (red) + Hght (green) area). In the MSSM case, we have used eo 10"^ [1028]. 



/S.B = 2 amplitude, MFV NP may be parameterized as 



where the function 5*0 (x^) represents the top contribution in the box diagrams and 5Sq is the NP contribu- 
tion. Therefore, in this class of MFV models, the NP contribution to all AF = 2 processes is universal, 
and the effective Hamiltonian retains the SM structure. 

Following Ref. [10], this value can be converted into a NP scale using 



where Aq = Yt sin^ 6wMw/a « 2.4 TeV is the SIVI scale, Yt is the top Yukawa coupling, A is the NP 
scale and a is an unknown (but real) Wilson coefficient of 

The UT analysis can constrain the value of the NP parameter 5Sq together with p and r]. In the 
absence of a NP signal, 5Sq is distributed around zero. From this distribution, we can obtain a lower 
bound on the NP scale A. 

For a one-Higgs-doublet model (IHDIVI) or a two-Higgs-doublet model (2HD1VI) in the low tan (3 
regime, the combination of measurements at a SFF and the improved lattice results give 



These bounds are a factor of three larger than those available today [210]. This means that even 
in the "worst case" scenario, i.e., in models with MFV at small tan/3, the sensitivity of flavour- violating 
processes to NP is strong enough to allow for the study of the flavour- violating couplings of new particles 
with masses up to 600 GeV This conversion to a NP scale in the MFV case deserves further explanation. 
Consider that the SM reference scale corresponds to virtual PF-exchange in the loops. As MFV has 
the same flavour violating couplings as the SM, the MFV-NP scale is simply translated to a new virtual 
particle mass as A/Aq x Mw- It must be noted, however, that as soon as one considers large tan/?, or 
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Fig. 66: Exclusion region in the M[j±-ta,n f3 plane assuming the SM value of B{B Dtv) measured with 
5 ab^^ and with 50 ab~^. 



relaxes the MFV assumption in this kind of analysis, the NP scale is raised by at least a factor of three, 
covering the whole range of masses accessible at the LHC. In fact the RGE-enhanced contribution of the 
scalar operators (absent or subleading in the small tan (3 MFV case) typically sets bounds an order of 
magnitude stronger than those on the SM current-current operator, correspondingly increasing the lower 
bound on the NP scale. This is the case, for instance, in the Next-to-Minimal Flavour Models (NMFV) 
discussed in Ref. [18] as described in the analysis of Ref. [9]. 

The large tan [5 scenario offers additional opportunities to reveal NP by enhancing flavour- violating 
couplings in Ai? = 1 processes with virtual Higgs exchange. This can be the case in decays such as 
B ^ Iv ox B ^ Dtv whose branching ratios are strongly affected by a charged Higgs for large values 
of tan /?. In Figure [65] we show the region excluded in the Mj:^±-tan (3 plane by the measurement of 
B{B ^ £u) with the precision expected at the end of the current B Factories and at a SFF, assuming the 
central value given by the SM. It is apparent that a SFF pushes the lower bound on M u± , corresponding, 
for example, to tan /? ~ 50 from the hundreds of GeV region up to about 2 TeV, both in the 2HDM-II 
and in the MSSM. Another interesting possibility is to test lepton flavour universality by measuring the 
ratio i?^/^ = B{B ^Jiv)/B{B tv), which could have a 0(10%) deviation from its SM value at 
large tan j3 [32, 534], whereas the relative error on the individual branching fraction measurements at a 
SFF is expected to be 5% or less. In Figure[66]we show the region excluded in the Mj:/±-tan (3 plane by 
the measurement of B{B —>■ Dlv) at a SFF, assuming the central value given by the SM. 

MSSM with Generic Squark Mass Matrices: There is also an impressive impact of a SFF on the 
parameters of the MSSM with generic squark mass matrices parameterized using the mass insertion 
(MI) approximation [97]. In this framework, the NP flavour- violating couplings are the complex Mis. 
For simplicity, we consider only the dominant gluino contribution. The relevant parameters are therefore 
the gluino mass rrig, the average squark mass ruq and the Mis {5fj)AB, where i,j = 1,2,3 are the 
generation indices and A, B = L, R are the labels referring to the helicity of the SUSY partner quarks. 
For example, the parameters relevant to 6 — > s transitions are the two SUSY masses and the four Mis 
i^23)LL,LR,RL,RR- In Order to simplify the analysis, we consider the contribution of one MI at a time. 
This is justified to some extent by the hierarchy of the present bounds on the Mis. In addition, barring 
accidental cancellations, the contributions from two or more Mis would produce larger NP effects and 
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Fig. 67: Sensitivity region of SFF in the mg-\{6fj)AB\ plane. The region is obtained by requiring that the 
reconstructed MI is 3a away from zero. The cases of {6f^)LL (upper left), {Sf^)Lii (upper right), ((S23)ll (lower 
left) and ((523) Li? (lower right) are shown. For LR Mis the theoretical upper bound (allowed parameter region is 
below these lines) discussed in the text is also shown for tan /? = 5, 10, 35, 60 (dashed, dotted, dot-dashed, solid 
line respectively). 



therefore make the detection of NP easier, while simultaneously making the phenomenological analysis 
more involved [108,421]. The analysis presented here is based on results and techniques developed in 
Refs. [104, 105, 107]. The aim of this analysis is twofold. On the one hand, we want to show the bounds 
on the MSSM parameter space as they would appear at a SFF. For this purpose, we first simulate the 
signals produced by the MSSM for a given value of one MI. We then check how well we are able to 
determine this value using the constraints coming from a SFF. In particular, we examine the ranges of 
masses and Mis for which clear NP evidence, given by a non-vanishing value of the extracted MI, can 
be obtained. In Figure [67] we show for some of the different Mis, the observation region in the plane 
mg-|(5"'| obtained by requiring that the absolute value of the reconstructed MI is more than 3a away from 
zero. For simplicity we have taken rriq ~ nig. From these plots, one can see that a SFF could detect NP 




Fig. 68: Density plot of the region in the Re((523)Li?-Ini((523)Li?, for rriq = rrig — 1 TeV generated using SFF 
measurements. Different colours correspond to different constraints: B{B — > -''^^7) (green), — > Xgi^i') 
(cyan), Acp{B — > Xs^) (magenta), all together (blue). Central values of constraints corresponds to assuming 



effects caused by SUSY masses up to 10-15 TeV corresponding to {dfj^ 23)^^ ~ 1- Even larger scales 
could be reached by LR Mis. However overly large LR Mis are known to produce charge- and colour- 
breaking minima in the MSSM potential [809], which can be avoided by imposing the bounds shown 
in the LR plots of Figure |67] These bounds decrease as l/niq and increase linearly with tan /?. Taking 
them into account, we can see that still LR Mis are sensitive to gluino masses up to 5-10 TeV for tan /3 
between 5 and 60. The plots of Figure [67] show the values of the MI that can be reconstructed if SUSY 
masses are below 1 TeV. In the cases considered we find (5i3)ll = 2-5 x 10~^, {6f^)LR = 2-15 x 10^^, 
((^23)ll = 2-5 X 10~^ and (523)lr = 5-10 x 10~^. These value are typically one order of magnitude 
smaller than the present upper bounds on the Mis [1029]. 

Figure[68]shows a simulation of how well the the mass insertions (Mis), related to the off-diagonal 
entries of the squark mass matrices, could be reconstructed at a SFF. Figure [68] displays the allowed 
region in the plane Re((5^)AB-Ini(5fj)yiB with a value of {5fj)AB allowed from the present upper bound, 
mg = 1 TeV and using the SFF measurements as constraints. The relevant constraints come from 
B{h —> 57), Acp{h 57), B{b si+i^), Acpib si^i^), Atjib, and A^j^. It is apparent the 
key role of Acp{b 57) together with the branching ratios of 6 ^ 57 and b — > st^l" . The zero of 
the forward-backward asymmetry in & — > sl'^i~ , missing in the present analysis, is expected to give 
an additional strong constraint, further improving the already excellent extraction of {S2-i)LR shown in 
Figure [68] 

Lepton Flavour Violation in r Decays: The search for Flavour Changing Neutral Current (FCNC) 
transitions of charged leptons is one of the most promising directions to search for physics beyond 
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Fig. 69: B{t fi'j) in units of 10~^ vs. the high energy universal gaugino mass (Afi/2) within a SO{10) 
framework [1030]. The plot is obtained by scanning the LHC accessible parameter space mo < 5 TcV for 
tan P = 40. Green or light (red or dark) points correspond to the scenario where LFV is governed by the PMNS 
(CKM) mixing matrix. The thick horizontal line denotes the present experimental sensitivity. The expected SFF 
sensitivity is 2 x 10^^. 

the SM. In the last few years neutrino physics has provided unambiguous indications about the non- 
conservation of lepton flavour, we therefore expect this phenomenon to occur also in the charged lepton 
sector. FCNC transitions of charged leptons could occur well beyond any realistic experimental reso- 
lution if the light neutrino mass matrix (m,^) were the only source of Lepton Flavour Violation (LFV). 
However, in many realistic extensions of the SM this is not the case. In particular, the overall size of 
nil, is naturally explained by a strong suppression associated to the breaking of the total Lepton Number 
(LN), which is not directly related to the size of LFV interactions. 

Rare FCNC decays of the r lepton are particularly interesting since the LFV sources involving the 
third generation are naturally the largest. In particular, searches of r ^ ^7 at the 10^^ level or below 
are extremely interesting even taking into account the present stringent bounds on — > 67. We illustrate 
this with one example where the comparison of possible bounds on (or evidences for) r — > fij, /u — > 67 
and other LFV rare decays provides a unique tool to identify the nature of the NP model. 

In Figure [69j we show the prediction for B{t — > ^7) within a SUSY SO(IO) framework for the 
accessible LHC SUSY parameter space M1/2 < 1.5 TeV, mo < 5 TeV and tan /3 = 40 [1030]. Note 
that the measurement of B{t —>■ jjL^) at a SFF can distinguish the scenario where LFV is governed by 
neutrino mixing matrix C/pmns from the scenario where LFV is governed by the quark mixing matrix 

VcKM- 

Little Higgs Models: These models address the tension between the naturalness of the electroweak 
scale and the precision electroweak measurements showing no evidence for new physics up to 5 — 10 
TeV. The Littlest Higgs model [137] is based on a SU{5) / S0{5) non-linear sigma model. It is strongly 
constrained by the electroweak precision data due to tree-level contributions of the new particles. 

Implementing an additional discrete symmetry, so-called T-parity [147], constrains the new par- 
ticles to contribute at the loop-level only and allows for a NP scale around 500 GeV. It also calls for 
additional (mirror) fermions providing an interesting flavour phenomenology. 

The high sensitivity for r decays serves as an important tool to test the littlest Higgs model with 
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Table 54: Upper bounds on some LFV decay branching ratios in the LHT model with a new physics scale / = 
500 GeV, after imposing constraints on ^~ e~^, ii~ e~e~^e~, t~ ^^tt^ and e^Tr^. 



Decay 


Upper bound 


T- fi-j 


1 • 10-8 
2 • 10-8 
2 • 10-8 
3 • 10-8 



Table 55: Comparison of various ratios of branching ratios in the LHT model and in the MSSM without and with 
significant Higgs contributions. 



Ratio 


LHT 


MSSM (dipole) 


MSSM (Higgs) 


B{ii-^e-'r) 
B(t~— »e~e+e~) 

B{T~^e~y) 
B{T--^H-fi+fi-) 


0.4-2.5 
0.4-2.3 
0.4-2.3 


6 • 10-3 
~ 1 • 10-2 
~ 2 • 10-3 


6 • 10-3 
~ 1 • 10-2 
~ 1 • 10-1 


B(t-^H-^) 



T-parity (LHT), in particular to distinguish it from the MSSM [161]. Upper bounds on some lepton 
flavour violating decay branching ratios are given in Table [54l 

By comparison with Table [52l these are seen to be well within the reach of a SFF. However, the 
large LFV branching ratios are not a specific feature of the LHT but a general property of many new 
physics models including the MSSM. Nevertheless, as Table [55] clearly shows, specific correlations are 
very suitable to distinguish between the LHT and the MSSM. The different ratios are a consequence of 
the fact that in the MSSM the dipole operator plays the crucial role in those observables while in the LHT 
the penguin and the box diagram contributions are dominant. The pattern is still valid when there is 
a significant Higgs contribution in the MSSM, as can be read off from Table [55l 

Comparison of different SUSY Breaking Scenarios: In SUSY models the squark and slepton mass 
matrices are determined by various SUSY breaking parameters, and hence a SFF has the potential to 
study SUSY breaking scenarios through quark and lepton flavour signals. This will be particularly im- 
portant when SUSY particles are found at the LHC, because flavour off-diagonal terms in these mass 
matrices could carry information on the origin of SUSY breaking and interactions at high energy scales 
such as the GUT and the seesaw neutrino scales. Combined with the SUSY mass spectrum obtained 
at energy frontier experiments, it may be possible to clarify the whole structure of SUSY breaking. In 
order to illustrate the potential of a SFF to explore the SUSY breaking sector, three SUSY models are 
considered and various flavour signals are compared. These are (i) the minimal supergravity model 
(mSUGRA), (ii) a SU(5) SUSY GUT model with right-handed neutrinos, {Hi) the MSSM with U(2) 
flavour symmetry [1031]. In mSUGRA, the SUSY breaking terms are assumed to be flavour-blind at the 
GUT scale. The SU(5) SUSY GUT with right-handed neutrinos is a well-motivated SUSY model which 
can accommodate the gauge coupling unification and the seesaw mechanism for neutrino mass gener- 
ation. There is interesting interplay between the quark and lepton sectors in this model. Since quarks 
and leptons are unified in the same GUT multiplets, quark flavour mixing can be a source of flavour 
mixings in the slepton sector that induce LFV in the charged lepton processes. Furthermore, the neutrino 
Yukawa coupling constants introduce new flavour mixings that are not related to the CKM matrix. Due 
to the SU(5) GUT multiplet structure sizable flavour mixing can occur in the right-handed sdown sector 
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Fig. 70: Time-dependent asymmetry of B ^ Kgir'^j and the difference between the time-dependent asymmetries 
of B ^ and B J/^P A'g modes for three SUSY breaking scenarios: mSUGRA(left), SU(5) SUSY GUT 
with right-handed neutrinos in non-degenerate case (middle), and MSSM with U(2) flavour symmetry (right). The 
expected SFF sensitivities are also shown. 



as well as the left-handed slepton sector, and contributions to various LFV and quark FCNC processes 
become large. When we require that the neutrino Yukawa coupling constants only induce flavour mix- 
ing in the 2-3 generation, then the constraint from the fi —>■ process is somewhat relaxed (so-called 
non-degenerate case). Finally, in the MSSM with U(2) flavour symmetry, the first two generations of 
quarks and squarks are assigned as doublets with respect to the same U(2) flavour group, whereas those 
in the third generation are singlets. Therefore this model explains the suppression of the FCNC processes 
between the first two generations, but it still provides sizable contributions for 6 ^ s transition processes. 

Flavour signals in the 6 — > s sector are shown in Figure |70] for these three SUSY breaking sce- 
narios. Scatter plots of the time-dependent asymmetry of B ^ Kgir^^y and the difference between the 
time-dependent asymmetries of i? — > (l)Kg and B ^ J/tp Kg modes are presented as a function of 
the gluino mass. Various phenomenological constraints such as B{b 57), the rate of Bg mixing, and 
neutron and atomic electic dipole moments are taken into account as well as SUSY and Higgs particle 
search limits from LEP and TEVATRON experiments. For the SUSY GUT case, the branching ratios of 
muon and tau LFV processes are also calculated and used to limit the allowed parameter space. Sizable 
deviations can be seen for SU(5) SUSY GUT and U(2) flavour symmetry cases even if the gluino mass is 
1 TeV The deviation is large enough to be identified at SFF. On the other hand, the deviations are much 
smaller for the mSUGRA case. 

The correlation between B{t —>■ fi^) and — > 67) is shown in Figure|7T]for the non-degenerate 
SU(5) SUSY GUT case. In this case, both processes can reach current upper bounds. It is thus possible 
that improvements in the — > 67 search at the MEG experiment and in the r ^ /17 search at a SFF 
lead to discoveries of muon and tau LFV processes, respectively. Notice that the Majorana mass scale 
that roughly corresponds to the heaviest Majorana neutrino mass is taken to be Mr = Ax 10^^ GeV 
in these figures. When the Majorana mass scale is lower, flavour signals become smaller because the 
size of the neutrino Yukawa coupling constant is proportional to \/Mr and LFV branching ratios scale 
with M^. This means that a SFF can cover some part of the parameter space from r ^ if the 
Majorana scale is larger than 10^^ GeV. The pattern of LFV signals also depends on the choice of 
SUSY breaking scenarios. If we take the degenerate case of three heavy Majorana masses in a SU(5) 
SUSY GUT, B{ix — > 67) can be close to the present experimental bound while branching ratios of tau 
LFV processes are generally less than 10^^. The LFV branching ratios for both muon and tau LFV 
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Fig. 71: Correlation between B{t nj) and — > 67) for SU(5) SUSY GUT with right-handed neutrinos in 
non-degenerate case. Expected search limits at the SFF for B{t — > jij) and for B(p ej) from MEG are also 
shown. 



processes are negligible for the mSUGRA case. In MSSM with U(2) flavour symmetry, LFV signals 
depend on how the flavour symmetry is implemented in the lepton sector so that there is a large model 
dependence. 

4.1.4 Summary 

In conclusion, the physics case of a Super Flavour Factory collecting an integrated luminosity of 50-75 
ab^^ is well established. Many NP sensitive measurements involving B and D mesons and r leptons, 
unique to a Super Flavour Factory, can be performed with excellent sensitivity to new particles with 
masses up to ~ 100 (or even ~ 1000) TeV. The possibility to operate at the T(5S) resonance makes 
some measurements with Bg mesons also accessible, and options to run in the tau-charm threshold 
region and possibly with one or two polarized beams further broadens the physics reach. Flavour- and 
CP-violating couplings of new particles accessible at the LHC can be measured in most scenarios, even 
in the unfavourable cases assuming minimal flavour violation. Together with the LHC, a Super Flavour 
Factory could be soon starting the project of reconstructing the NP Lagrangian. Admittedly, this daunting 
task would be difficult and take many years, but it provides an exciting objective for accelerator-based 
particle physics in the next decade and beyond. 
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4.2 Supers proposal 

The two asymmetric B Factories, PEP-11 [1032] and KEKB [1033], and their companion detectors, 
BaBar [1034] and Belle [1035], have produced a wealth of flavour physics results, subjecting the quark 
and lepton sectors of the Standard Model to a series of stringent tests, all of which have been passed. With 
the much larger data sample that can be produced at a Super B Factory, qualitatively new studies will 
be possible, including searches for flavour-changing neutral currents, lepton-flavour violating processes, 
and new sources of CP violation, at sensitivities that could reveal New Physics beyond the Standard 
Model. These studies will provide a uniquely important source of information about the details of the 
New Physics uncovered at hadron colliders in the coming decade [1036]. 

In light of this strong physics motivation, there has been a great deal of activity over the past six 
years aimed at designing an e+e~ B Factory that can produce samples of b, c and r decays 50 to 100 
times larger than will exist when the current B Factory programs end. 

Upgrades of PEP-II [1037] and KEKB [1038] to Super B Factories that accomplish this goal have 
been considered at SLAC and at KEK. These machines are extrapolations of the existing B Factories, 
with higher currents, more bunches, and smaller /3 functions (1.5 to 3 mm). They also use a great deal of 
power (90 to 100 MW), and the high currents, approaching lOA, pose significant challenges for detectors. 
To minimize the substantial wallplug power, the SuperPEP-II design doubled the current RF frequency, 
to 958 MHz. In the case of SuperKEKB, a factor of two increase in luminosity is assumed for the use of 
crab crossing, which is currently being tested at KEKB, see Section 1431 

SLAC has no current plans for an on-site accelerator-based high energy physics program, so the 
SuperPEP-II proposal is moribund. The SuperKEKB proposal is considered as a future option of KEK. 
The problematic power consumption and background issues associated with the SLAC and KEK-based 
Super B Factory designs have now, however, motivated a new approach to Super B Factory design, using 
low emittance beams to produce a collider with a luminosity of 10"^^, but with reduced power consump- 
tion and lower backgrounds. This collider is called SuperB. Design parameters of the exisiting colliders 
PEP-II and KEKB are compared with those of SuperPEP-II, SuperKEKB, and SuperB in Table [56l 



Table 56: Comparison of B Factory and Super B Factory designs. 





PEP-II 


KEKB 


SuperPEP-II 


SuperKEKB 


SuperB 


Eler {GeY) 


3.1 


3.5 


3.5 


3.5 


4 


EHERiGeV) 


9 


8 


8 


8 


7 


Npart (XIQIO) 


8 


5.8 


10 


12 


6 


Iler (A) 


2.95 


1.68 


4.5 


9.4 


2.28 


Iher (A) 


1.75 


1.29 


2.5 


4.1 


1.3 


Wallplug power (MW) 


22.5 


45 


~100 


~90 


17 


Crossing angle (mrad) 





±15 








±17 


Bunch length az (mm) 


11 


6 


1.7 


3 


7 


a* (nm) 


6900 


2000 


700 


367 


35 


a* (^m) 


160 


110 


58 


42 


5.7 


Py (mm) 


11 


6 


1.5 


3 


0.3 


Vertical beam-beam tune shift S,y 


0.068 


0.055 


0.12 


0.25 


0.17 


Luminosity (cm~^s~^) (xlO^^) 


1.1 


1.6 


70 


80 


100 



The SuperB Conceptual Design Report [1039] describes a nascent international effort to construct 
a very high luminosity asymmetric e^e~ Flavour Factory. The machine can use an existing tunnel or 
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it could be built at a new site, such as the campus of the University of Rome "Tor Vergata", near the 
INFN National Laboratory of Frascati. The report was prepared by an international study group set up 
by the President of INFN at the end of 2005, with the charge of studying the physics motivation and the 
feasibility of constructing a Super Flavour Factory that would come into operation in the first half of the 
next decade with a peak luminosity in excess of 10^^ cm^^ s^^ at the T(4S)resonance. 

The key idea in the SuperB design is the use of low emittance beams produced in an accelerator 
lattice derived from the ILC Damping Ring Design, together with a new colUsion region, again with 
roots in the ILC final focus design, but with important new concepts developed in this design effort. 
Remarkably, SuperB produces this very large improvement in luminosity with circulating currents and 
wallplug power similar to those of the current B Factories. There is clear synergy with ILC R&D; design 
efforts have already influenced one another, and many aspects of the ILC Damping Rings and Final Focus 
would be operationally tested at SuperB. 

There is quite a lot of siting flexibility in the SuperB CDR design. Since the required damping 
times are produced by wigglers in straight sections, the radius of the ring can be varied (within limits, 
of course) to accommodate other sites and/or to optimize cost. Smaller radius designs are also being 
explored, in which the bending magnets bear a greater burden in producing the needed damping. 

Employing concepts developed for the ILC damping rings and final focus in the design of the 
Supers collider, one can produce a two-order-of-magnitude increase in luminosity with beam currents 
that are comparable to those in the existing asymmetric B Factories. Background rates and radiation 
levels associated with the circulating currents are comparable to current values; luminosity-related back- 
grounds such as those due to radiative Bhabhas, increase substantially. With careful design of the interac- 
tion region, including appropriate local shielding, and straightforward revisions of detector components, 
upgraded detectors based on BaBj^ or Belle are a good match to the machine environment: in this dis- 
cussion, we use BaBar as a specific example. Required detector upgrades include: reduction of the radius 
of the beam pipe, allowing a first measurement of track position closer to the vertex and improving the 
vertex resolution (this allows the energy asymmetry of the collider to be reduced to 7 on 4 GeV); replace- 
ment of the drift chamber, as the current chamber will have exceeded its design lifetime; replacement of 
the endcap calorimeter, with faster crystals having a smaller Moliere radius, since there is a large increase 
in Bhabha electrons in this region. 

SuperB has two additional features: the capability of running at center-of-mass energies in the 
r/charm threshold region, and longitudinal polarization of the electron (high energy) beam. The lumi- 
nosity in the 4 GeV region will be an order of magnitude below that in the T(4S) region, but even so, 
data-taking runs of only one month at each of the interesting energies (V^(3770), 4.03 GeV, r threshold, 
etc.) would produce an order of magnitude more integrated luminosity than will exist at the conclusion 
of the BES-II program. The polarization scheme is discussed in some detail in the SuperB CDR [1039]. 
The electron beam can be polarized at a level of 85%, making it possible to search for T violation in r 
production due to the presence of an electric dipole moment, or for CP violation in r decay, which is not 
expected in the Standard Model. 

The SuperB design has been undertaken subject to two important constraints: 1) the lattice is 
closely related to the ILC Damping Ring lattice, and 2) as many PEP-II components as possible have 
been incorporated into the design. A large number of PEP-II components can, in fact, be reused: The 
majority of the HER and LER magnets, the magnet power supplies, the RF system, the digital feedback 
system, and many vacuum components. This will reduce the cost and engineering effort needed to bring 
the project to fruition. 

The crabbed waist design employs a large "Piwinski angle" </> = where 9 is the full geometric 
crossing angle of the beams at the interaction point. By producing the large Piwinski angle through the 
use of a large crossing angle and a very small horizontal beam size, and having (3y comparable to the 
size of the beam overlap area, it is possible simultaneously to produce a very smaU beam spot, reduce 
the vertical tune shift and suppress vertical synchrobetatron resonances. However, new beam resonances 
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Table 57: Parameters of the SuperB HER and LER rings compared with the ILC damping rings. 



LER HER ILC DR 



Energy (GeV) 


4 




7 


5 


Luminosity (cm~^s~^) 




1 X 10^^ 




- 


C(m) 




2249 




6695 


Crossing angle (mrad) 




2 X 17 




- 


Longitudinal polarization (%) 







80 


80 


Wiggler field Bw(T) 


1.00 




0.83 


1.67 


^bend (m) (Arc/FF) 


0.45/0.75/5.4 




5.4/5.4 


3/6/- 


Number of Bends (Arc/FF) 


120/120/16 




120/16 


126/- 


Uo (MeV/tum) 


1.9 




3.3 


8.7 


Wiggler length: Ltot(m) 


100 




50 


200 


Damping time Tg, Tx (ms) 


16/32 




16/32 


12.9/25.7 


CTz (mm) 


6 




6 


9 


ex (nm-rad) 


1.6 




1.6 


0.8 


ey (pm-rad) 


4 




4 


2 


<te{%) 


0.084 




0.09 


0.13 


Momentum compaction 


1.8 X 10"^ 




3.1 X IQ-^ 


4.2 X IQ-' 


Synchrotron tune Ug 


0.011 




0.02 


0.067 


Vrf (MV), A^eavities 


6, 8 




18, 24 


24, 18 


Npart (XIQIO) 


6.16 




3.52 


2.0 


-^beam (A) 


2.3 




1.3 


0.4 


Phe.m (MW) 


4.4 




4.3 


3.5 


frf (MHz) 




476 




650 


-^bunches 




1733 




2625 



then arise, which can be suppressed by using sextupoles in phase with the IP in the x plane and with a 
7r/2 phase difference in the y plane. This is the crabbed waist transformation. These optical elements 
have an impact on the dynamic aperture of the lattice; studies carried out after the SuperB CDR indicate 
that an adequate dynamic aperture can be achieved. The longer bunch length made possible by the 
new scheme has the further advantage of reducing the problems of higher order mode heating, coherent 
synchrotron radiation and high power consumption. Beam sizes and particle densities are, however, in a 
regime where Touschek scattering is an important determinant of beam lifetime. 

The Superi? concept is a breakthrough in collider design. The invention of the "crabbed waist" 
final focus can, in fact, have impact even on the current generation of colliders. A test of the crabbed waist 
concept is plaimed to take place at Frascati in late 2007 or early 2008; a positive result of this test would 
be an important milestone as the Super B design progresses. The low emittance lattice, fundamental 
as well to the ILC damping ring design, allows high luminosity with modest power consumption and 
demands on the detector. 

Since the circulating currents in SuperB are comparable to those in the current B Factories, an 
upgrade of one of the existing B Factory detectors, BABar or Belle is an excellent match to the SuperB 
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machine environment. As an example, we will describe the changes envisioned in an upgrade of BaBar, 
beginning with those components closest to the beamline. 

Developments in siUcon sensors and materials technology make it possible to improve the res- 
olution of the silicon vertex tracker (SVT) and to reduce the diameter of the beam pipe. This allows 
reduction of the energy asymmetry of SuperB to 7 on 4 GeV, saving on power costs, and slightly im- 
proving solid angle coverage. The first layer of the SVT will initially be composed of striplets, with 
an upgrade to pixels in the highest luminosity regime. The main tracking chamber will still be a drift 
chamber, although with smaller cell size. The radiators of the DIRC particle identification system will 
be retained, but the readout system will be replaced with a version that occupies a smaller volume. The 
barrel Csl (Tl) electromagnetic calorimeter will also be retained, but the forward endcap will be replaced 
with LYSO (Ce) crystals, which are faster and more radiation-hard. A small backward region calorime- 
ter will be added, mainly to serve as a veto in missing energy analyses. The superconducting coil and 
instrumented flux return (IFR) will be retained, with the flux return segmentation and thickness modified 
to improve muon identification efficiency. The instrumentation in the endcap regions of the IFR will 
be replaced with scintillator strips for higher rate capabiUty. The basic architecture of the trigger and 
data acquisition system will be retained, but components must be upgraded to provide a much-increased 
bandwidth. 

SuperB [1040] is an extremely promising approach to producing the very high luminosity asym- 
metric B Factory that is required to observe and explore the contributions of physics beyond the Standard 
Model to heavy quark and r decays. Its physics capabilities are complementary to those of an experiment 
such as LHC6 at a hadron machine [1041] . The B Factories, building on more than thirty years of work 
in heavy flavour studies, have developed an extraordinarily vibrant and productive physics community. 
They have produced more than four hundred refereed publications on mixing-induced and direct CP 
violation, improved the measurements of leptonic, semileptonic and hadronic decays and discovered a 
series of surprising charmonium states. The B Factories have also been an excellent training ground for 
hundreds of graduate students and postdoctoral fellows. SuperB will no doubt be similarly productive. 
The physics emphasis would, however, shift to constraining or elucidating physics beyond the Standard 
Model. 

INFN has formed an International Review Committee to critically examine the SuperB Conceptual 
Design Report and give advice as to further steps, including submission of the CDRto the CERN Strategy 
Group, requests for funding to the Italian government, and application for European Union funds. 

Should the proposal process move forward, it is expected that the collider and detector projects 
will be realized as an international collaborative effort. Members of the SuperB community will apply 
to their respective funding agencies for support, which will ultimately be recognized in Memoranda of 
Understanding. A cadre of accelerator experiments must be assembled to detail the design of SuperB, 
while an international detector/physics collaboration is formed. The prospect of the reuse of substantial 
portions of PEP-II and BaBar raises the prospect of a major in-kind contribution from the US DOE and/or 
other agencies that contributed to BaBar construction; support of the project with other appropriate in- 
kind contributions is also conceivable. It is anticipated that the bulk of the US DOE contribution would 
be in kind, in the form of PEP-II components made available with the termination of the SLAC heavy 
flavour program. These include the HER and LER magnets, the RF and digital feedback systems, power 
suppUes and vacuum components and the BaB^r detector as the basis for an upgraded SuperB detector. 

The BaBar model of international collaboration, based on experience gained at CERN and other 
major laboratories in building and managing international collaborations over the past several decades 
is expected to serve as a model for the SuperB effort [1040]. The funding agencies of the participating 
countries will have a role, together with the host agency and host laboratory, in the management of 
the enterprise, as well as a fiscal role through an International Finance Committee and various review 
committees. 
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4.3 Accelerator design of SuperKEKB 

The design of SuperKEKB has been developed since 2002 [1042]. The baseline design extends the same 
scheme as the present KEKB, as described below. The recently developed nano-beam scheme will be 
further studied as an option of SuperKEKB, while maintaing the baseline design for the time being. The 
possibility of an intermediate solution between these two schemes is not excluded a priori. 

4.3.1 Baseline Design of SuperKEKB 

SuperKEKB is a natural extension of present KEKB. The baseline parameters of SuperKEKB are listed 
in Table [58l The luminosity goal, 8 x 10^^ cm^^s^^, is about 50 times higher than present KEKB. The 
gains of the luminosity will be achieved by higher currents(x3 -x6), smaller /5*(x2), and higher beam- 
beam parameter ^j^(x4.5). 

Table 58: Parametes of SuperKEKB and present KEKB, for the low (LER) and high (HER) energy rings. 





SuperKEKB 
LER / HER 


KEKB 
LER / HER 




Flavor 


e+/e- 


e- /e+ 




Beam energy 


3.5/8 


3.5/8 


GeV 


Beam current 


9.4/4.1 


1.7/1.4 


A 




3/200 


6/600 


mm 


Beam-beam 


~ 0.25 


0.055 




Number of bunches / beam 


5000 


1400 




Horizontal emittance £x 


6- 12 


18-24 


nm 


Bunch length cj^ 


3 


6 


mm 


Peak luminosity C 


8 


0.17 




Wall-plug power 


~ 100 


45 


MW 



A higher stored current requires more rf sources and accelerating cavities. The baseline design 
adopts the same rf frequency, 509 MHz, as the present KEKB. The number of klystrons will be doubled 
and the number of cavities will be increased by 50%. The total wall-plug power will be doubled. An 
option to adopt 1 GHz rf system to reduce the power is under consideration. The cavities will be modified 
for high current operation. The normal conducting accelerator with resonantly-coupled energy storage 
(ARES) cavity will have higher stored energy ratio of the storage cavity to the accelerating cavity. The 
superconducting cavity will have a new higher-order mode (HOM) absorber to dissipate 5 times more 
HOM power, 50 kW per cavity. These designs of rf system and cavities have been basically done and 
prototyping is going on [1043-1047]. 

To store the high current, it is necessary to replace all existing beam pipes in both rings. In 
the positron ring, beam pipes with antechamber and special surface treatment such as TiN coating are 
required to suppress the electron cloud. The antechambers are necessary to store such high currents to 
absorb the power of the synchrotron radiation in both rings. Also all vacuum components such as bellows 
and gate valves must be replaced with low-impedance and high-current capable version. The small /3* 
requires shorter bunch length, which raises another reason to replace the beam pipes, otherwise the HOM 
loss and associated heating of the components will be crucial. The designs of beam pipes, bellows, gate 
valves for SuperKEKB have been done and some prototypes were tested at present KEKB. There still 
remain a few R&D issues in beam collimators and coherent synchrotron radiation [1048-1053]. 

SuperKEKB will switch the charges of the beams from present KEKB to store positrons and elec- 
trons in the HER and the LER, respectively. The charge switch will relax the electron-cloud instability 
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and reduce the amount of the positron production. For the charge switch, the injector hnac will be up- 
graded with C-band system, whose prototype has already been built and tested successfully. Also new 
ideas such as single-crystal target for the positron production have been already utilized to increase the 
intensity of the positrons et al) [1054, 1055]. 

All existing magnets of KEKB will be reused in SuperKEKB, except the interaction region (IR), 
which must be renewed for smaller j3*. The final focusing superconducting quadrupole with compen- 
sation solenoid will be made stronger and their prototype has already been produced. Also the crossing 
angle will be increased from 22 mrad to 30 mrad. A local chromaticity correction system, which is 
currently installed in the LER, will be added in the HER. Another issue with the smaller /?* is the 
aperture for the injected beam, especially for positrons. A new damping ring for positrons will be nec- 
essary in the injector linac to reduce the injection emittance and to increase the capture efficiency of the 
positrons [1056]. 

The boost in the beam-beam parameter assumes the success of "crab crossing", which recovers 
an effective head-on collision under crossing angle by tilting each bunch by a half crossing angle. The 
crab cavities have been built and operated at KEKB since February 2007, basically showing the design 
performance in the voltage, Q-value, and phase stability, etc. The associated tilt of the beam and the 
effective head-on collision have been confirmed in various observations including streak cameras. The 
resulting beam-beam parameter reached 0.086, which is higher than the geometrical gain by about 15%. 
Further study is necessary to realize higher beam-beam parameter (> 0.1) predicted by simulations for 
the present KEKB [1057-1062]. 

A number of beam instrumentations and controls will be upgraded at SuperKEKB, including beam 
position monitors, feedbacks, visible light and X-ray monitors, etc. Also utilities such as water cooling 
system will be reinforced [1063]. 

The current estimate of the total cost of the upgrade for SuperKEKB is about 300 M€ (1 €~ 
150 Y), excluding the salaries for KEK employee in the accelerator group (about 90 FTE/year). If the 
upgrade of the rf system is deferred, the initial cost will be reduced to 200 M€. 

One of the options to reduce the cost of the construction and electricity is to change the energy 
asymmetry from 8 GeV -1-3.5 GeV to 7 GeV -i- 4 GeV. An early study has been done for the option 
resulting in a reduction by about 30 M€ in the construction, and 12 MW in the electricity. Such a 
possibility will be investigated further. 

This machine should have a flexibility to run at the charm threshold. The damping time and the 
emittance can be controlled by adding wigglers in the HER for that purpose. A polarized beam for the 
collision needs intensive study for implementation of spin rotators. 

4.3.2 Studies for Nano-beam Scheme at KEK 

The crab waist scheme is one of the most innovative features of the nano-beam Superi? design (Sec- 
tion |4]2] and [1039]). Simulation by K. Ohmi has shown that the crab waist scheme can improve the 
luminosity of present KEKB as powerfully as crab crossing with crab cavities. Actually crab waist can 
be even better than crab crossing, as it only needs conventional sextupole magnets whose construction 
and operation will be much easier than the state-of-art crab cavities. Efforts have been made at KEK to 
make such a design of lattice to involve sextupole magnets at present KEKB (H. Koiso, A. Morita). A 
number of possibilities have been studied to locate the crab sextupoles, close or apart from the interaction 
point (IP), one pair or two pairs, which are necessary to cancel the unnecessary term at the IR 

This study of lattice has realized that the dynamic aperture of the ring is drastically reduced by 
tuning on the crab sextupole magnets. These sextupoles are paired via / or — / transformation, and the IP 
is located within the pair. If the transformation between the pair is completely Unear, the nonlinearity of 
the first sextupole is completely absorbed by the second. This kind of cancellation has been succesfuUy 
working in existing machines including KEKB. In the case of the crab waist, however, there is the IP in 
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the middle of the pair, and the nonlinearities around the IP violates the cancellation of the nonUnear terms 
of the sextupoles. At least two kinds of nonlinearity, the fringe field of the final focusing quadrupoles 
and the kinematical terms in the drift space around the IP, has been known to be inevitable, and either 
one of them is enough to degrade the dynamic aperture by 50%. As the fringe field and the kinematical 
terms are quite fundamental for the elements around the IP, it is not possible to remove them. The hope 
is to put several nonlinear magnets around the IP to cancel the nonlinearity at the IP. A. Morita has tried 
such possibiUty by introducing many octupole magnets, but not yet successful so far. 

The degradation of dynamic aperture by crab waist sextupoles will be also serious for future Super- 
B. Y. Ohnishi has studied the dynamic aperture for a Super-B lattice given by P. Raimondi. The stable 
horizontal ampUtude with the crab-sextupoles were dropped by 70% on the on-momentum particles, and 
even worse for off-momentum, synchrotron-oscillating particles. Again it has been known that the fringe 
field and the kinematical terms at the IP are the reason of the reduction of the dynamic aperture. 

One of the questions on the nano-beam scheme is that no strong-strong simulation has been done. 
Because of the relatively long bunch length, such a simulation will take the computer power more than 
100 times than that for usual schemes. Some preliminary efforts are going on by K. Ohmi for intermedi- 
ate bunch length or with simplified models. 

Anyway the nano-beam scheme can be still attractive even without the crab waist, because it 
has a potential to achieve 10^^ cm~^s~^ with smaller beam current. Therefore the KEKB team has 
decided to study the nano-beam scheme as an option of Super KEKB, to make a flexible lattice and an 
IP design which is compatible both with the nano-beam and high-current schemes. Such a design study 
will identify fundamental and technical issues on the nano-beam scheme more specifically. 
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4.4 LHCb upgrade 

4.4.1 Introduction 

Flavour Physics has played a major role in the formulation of the Standard Model (SM) of particle 
physics. As example is the observation of CP violation which, in the SM, can be explained with three 
generations of quarks. However despite its success, the SM is seen as an effective low-energy theory 
because it cannot explain dark matter and the force hierarchy. The search for evidence of new physics 
(NP) beyond the Standard Model is the main goal of particle physics over the next decade. 

The Large Hadron Collider (LHC) at CERN will start operating in 2008 and will start to look for 
the Higgs boson and for NP particles which are expected in many models at the 1 TeV scale. However 
probing NP at the TeV scale is not restricted to direct searches at the high-energy frontier. 

Flavour physics also has excellent potential to probe NP. In the SM, flavour-changing neutral 
currents (FCNC) are suppressed as these only occur through loop diagrams. Hence these decays are very 
sensitive to NP contributions which, in principle, could contribute with magnitude 0(1) to these virtual 
quantum loops. The NP flavour sector could also exhibit CP violation and be very different from what 
is observed in the SM. In fact, the existing experimental limits from the flavour physics point to either a 
suppression of the couplings also for NP or an even higher NP mass scale. 

LHCb is a dedicated heavy-flavour physics experiment designed to make precision measurements 
of CP violation and of rare decays of B hadrons at the LHC [1064]. LHCb will start taking data in 2008 
and plans to record an integrated luminosity of ~ 0.5 fb^^ in the first physics run. During the following 
five years LHCb expects to accumulate a data sample of ~ 10 fb~^. This will put LHCb in an excellent 
position to probe new physics beyond the SM. The expected performance is summarised in Section l4.4.2l 

During this first phase of LHC operations, particle physics will reach a branch point. Either new 
physics beyond the Standard Model (SM) will have been discovered at the general purpose detectors 
(ATLAS and CMS) and LHCb or new physics will be at a higher mass scale. In both scenarios we will 
then almost certainly require a substantial increase in sensitivities to flavour observables, either to study 
the flavour structure of the newly discovered particles or to probe NP through loop processes at even 
higher mass scales. 

The LHCb detector is optimised to operate at a luminosity of 2 to 5 x lO^^cm^^s^^, which 
is a factor of 20 to 50 below the LHC design luminosity. The LHC accelerator will reach its design 
luminosity of 10^^ cm^^s^^ after a few years of operation. The LHC machine optics allows LHCb to 
focus the beams in order to run at a luminosity of up to 50% of the LHC luminosity. To profit from the 
higher peak luminosities that are available at the LHC the LHCb experiment is proposing an upgrade to 
extend its physics programme. The plan to operate the LHCb detector at ten times the design luminosity, 
i.e. at 2 X 10^^ cm~^s^^, is described in Section 14.4.31 The LHCb upgrade would the allow the LHCb 
experiment to probe NP in the flavour sector at unprecedented sensitivities. 

Initial studies of the physics reach of the proposed LHCb upgrade are discussed in Section 14.4.41 
To profit from these higher luminosities the LHCb experiment requires an upgrade such that the detectors 
and triggers are able to cope with these larger luminosities. This is described in Section l4.4.5l A summary 
and conclusions are given in Section 14.4.61 

4.4.2 LHCb Physics Programme - The First Five Years 

The large cross section of 500 /ib for 66-quark production in pp collisions at 14 TeV centre-of-mass en- 
ergy will allow the LHCb experiment to collect much larger data samples of B mesons than previously 
available. The expected performance for measurements with LHCb has been determined by a full simu- 
lation [1025]. Many of these results have been described in detail in Section[3]of this report. We expect 
exciting results from the LHCb experiments over the next five years. Here we summarise some of the 
anticipated highlights. 
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In the Standard Model flavour-changing neutral current (FCNC) h ^ s transitions are suppressed 
as these only occur through loop diagrams. Of particular interest is the decay —>■ fi'^^" which is very 
rare. The SM branching ratio B{B^ l^'^l^') is calculated at (3.86±0.15) x lO^^ (Equ.[l28]l [27]. New 
physics beyond the SM can enhance this branching ratio considerably. For example, in the constrained 
minimal supersymmetric extension of the SM (CMSSM) [560] the branching ratio increases as tan^ /? 
where tan /3 is the ratio of the Higgs vacuum expectation values. The current limits from CDF and DO 
are about a factor 20 above the SM prediction. Using their good invariant mass resolution cr(M^^) 
20 MeV and low trigger threshold on the transverse momentum pr > ^ GeV, LHCb will to be able to 
probe the full CMSSM parameter space. With 10 fb^^ of data LHCb expects to discover A*^/^" 
with 5a significance at the SM level [587]. 

Another major goal is to probe the weak phase (pg of B^ mixing. This is another excellent NP 
probe as the SM prediction for (pg is very small: (pg = — 2A^ry —0.035 where A and t] are Wolfenstein 
parameters of the CKM matrix [1065]. Currently there are no strong constraints on (ps available and large 
CP violation in B^ mixing is allowed [663,665,698,700,701]. The LHCb experiment expects to collect 
131 k J/i^<P decays with a 2 fb~^ data sample. The corresponding precision on (l)s is estimated 

to be a{(j)s) ~ 0.023 [672]. A value of (pg of 0(0.1) or larger could be clearly observed by LHCb. This 
would be a clear signal for Non-Minimal Flavour Violation (NMFV) beyond the SM [10]. 

LHCb will perform measurements of the CKM angle 7 using two interfering diagrams in neu- 
tral and charged B DK decays as well as B^ — > DfK^ decays. The interference arises due to 
decays which are common to and mesons such as D^{D^) —>■ K^tt+vt^ (Dalitz decay [626]) 
and L>0(Z)0) K^Tr^,K+K- (ADS and GLW [618,624]), or through Bg mixing. The expected 7 
sensitivities for 2 fb~^ of LHCb data are estimated at 17(7) ~ 7° — 15°. When combining these mea- 
surements LHCb expects to achieve a precision (7(7) ~ 2.5° in a 10 fb"^ data sample [1025]. This will 
improve substantially the 7 measurements from the B -factories which currently have an uncertainty of 
about 30° [386]. 

4.4.3 LHCb Luminosity Upgrade 

After the first five years of operation with the LHCb experiment, the LHC will hopefully provide answers 
to some of the open questions of particle physics and, very possible, produce a few new puzzles. To be 
able to make progress in determining the flavour structure of new physics beyond the SM or probing 
higher mass scales, it is very likely that the required precision for several flavour physics observables 
will need to be improved substantially. It is also expected that the precision of many LHCb physics 
results will remain limited by the statistical error of the collected data. The following questions arise: 
What is the scientific case for collecting even larger data samples? Is LHCb exploiting the full potential 
for B physics at hadron colliders? Note that LHCb is the only dedicated heavy flavour experiment 
approved to run after 2010. In the remainder of this report we will try to answer these questions. 

The LHCb experiment has commenced studying the feasibility of upgrading the detector such 
that it can operate at a luminosity £ ~ 2 x 10'^^ cm~^ s^^, which is ten times larger than the design 
luminosity [1067]. This upgrade would allow LHCb to collect a data sample of about 100 fb^^ during 
five years of running. This increased luminosity is achievable by decreasing the amplitude function (3* at 
the LHCb interaction point. The LHCb upgrade does not require the planned LHC luminosity upgrade 
(Super-LHC) as the LHC design luminosity is 10'^^ cm~^ s^^, although it could operate at Super-LHC. 
Thus an upgrade of LHCb could be implemented as early as 2014. 

As the number of interactions per beam crossing will increase to n ~ 4 this will require im- 
provements to the LHCb sub-detectors and trigger. A major component of the LHCb upgrade will be 
the addition of a first level detached vertex trigger which will use information from the tracking detec- 
tors [1068, 1069]. This trigger has the potential of increasing the trigger efficiencies for decays into 
hadronic final states by at least a factor of two. The implementation of this detached vertex trigger will 
require large modifications to the detector read-out electronics which will be discussed in Section l4.4.5l 
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4.4.4 Physics with the LHCb Upgrade 

A 100 fb~^ data sample would allow to improve the sensitivity of LHCb to unprecedented levels such 
that new physics beyond the SM can be probed at the 1% level. Here we present estimates for a few 
selected chaimels. These are based on the following assumptions, which have yet to be demonstrated: 
maintaining trigger and reconstruction efficiencies at high luminosity running and, making use of a 
detached vertex trigger to double the trigger efficiency for hadronic modes. Systematic errors are only 
treated in a very simple way. Hence the quoted sensitivities have very large uncertainties and should be 
treated with caution. However, these estimates are extremely useful to motivate simulation studies for 
validating these assumptions. In addition, as soon as LHCb will start taking data, the simulations for low 
luminosity running can be verified with data. 

New physics can be probed for by studying FCNC in hadronic b s transitions. One approach 
is to compare the time-dependent CP asymmetry in a hadronic penguin loop decay with a decay based 
on a tree diagram when both decays have the same weak phase. In hadronic FCNC transitions unknown 
massive particles could make a sizable contribution to the b ^ s penguin loop whereas tree decays are 
generally insensitive to NP. The B-factories measure the CP asymmetry sin 2/3*^^ in the penguin decay 
S° —>■ (f)Kg. A value for sin 2/3^^ which is different from sin 2/3 measured in 5° — > J/tpKg would 
signal physics beyond the SM. Within the current available precision, all sin 2/3''^ measurements are in 
reasonable agreement with the SM, but most central values are lower than expected. For example, we 
find for the decay 5° (pK^ that ASicpK'^) = sin 2(3"^ - sin 2(3 = 0.29 ± 0.17 [1066]. 

This approach can also be applied to mesons which will be exploited by LHCb. Within the 
SM the weak mixing phase <ps is expected to be almost the same when comparing the time-dependent 
CP asymmetry of the hadronic penguin decay (fxf) with the tree decay Bg — > J/ipcf). Due to a 

cancellation of the B^ mixing and decay phase, the SM prediction for the sine-term, S {(/)(/)), in the time- 
dependent asymmetry of Bg (pep is very close to zero [815]. Thus any measurement of S{(j)(j)) / 
would be a clear signal for new physics and definitively rule out Minimal Flavour Violation [10]. From 
a full simulation, LHCb expects to collect 3100 B^ (fxf) events in 2 fb~^ of data with a background 
to signal ratio B/S < 0.8 at 90% C.L [816]. The S{(f)(f)) sensitivity has been studied using a toy 
Monte Carlo, taking resolutions and acceptance from the full simulation. After about 5 years LHCb 
expects to have accumulated a data sample of 10 fb~^ and will measure S{(()(j)) with a precision of 
a{S{4>4>)) = 0.05 [816]. This precision is expected to be statistically limited, systematic errors are likely 
much lower. 

The LHCb upgrade will substantially improve the measurement of S{(f>(f>), since this is a hadronic 
decay mode which will benefit most from the first level detached vertex trigger. Scaling the sensitivity up 
to a data sample of 100 fb~^, we estimate a precision of a{S{<f)<f))) ~ 0.01 to 0.02 rad. This sensitivity 
presents a exciting NP probe at the percent level which will arguably be (one of) the most precise time- 
dependent CP study in 6 ^ s transitions. 

In a similar study LHCb investigated the 6 ^ s penguin decay B^ —>■ (pKg. A yield of 920 events 
is expected in 2 fb~^ of integrated luminosity and the background to signal ratio is 0.3 < B/S < 1.1. 
The sensitivity for the time-dependent CP violating asymmetry sin 2^^^ is estimated to be 0.10 in a 
10 fb"^ data sample [817]. This is a hadronic decay which will also profit from a first level detached 
vertex trigger. With 100 fb~^ of integrated luminosity LHCb upgrade will allow to improve the sin 2/3*^^ 
sensitivity for Bj (f)K^ to ~ 0.025 to 0.035. 

Using the tree decay Bg J/il^(f> LHCb will also probe NP in the CP violation of Bg mixing. 
With a 10 fb~^ data sample the weak phase (f>s will be determined with a precision of 0.01 [1025]. This 
corresponds to ~ 3.5a significance for the SM expectation of (fig for which the theoretical uncertainty is 
very precise (0(0.1%)). This precision is expected to be still statistically limited. A significantly larger 
data-set would allow LHCb to search for NP in B meson mixing at an unprecedented level. An upgrade 
of LHCb has the potential to measure the SM value of cfig with ~ lOa significance ((t(0s) ~ 0.003) in 
Bg J/ip(f) decays. To control systematic errors at this level will be very challenging. 
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In the SM, the angle 7 can be determined very precisely with tree decays which are theoretically 
very clean. When combining all 7 measurements in B DK and DfK^ (including systemat- 

ics) LHCb will constrain the value of 7 to about 2.5°. However, it will not be possible to push below the 
desired 1° precision. Therefore, a very precise determination of 7 in tree decays is an important objec- 
tive of the LHCb upgrade physics programme. The expected yields in 100 fb^^ of data are very large: 
Examples are 620k 5° ^ DfK^, 500k B D{K^g'K+'K-)K and 5600k B D{Kt:)K events, 
respectively. All these 7 modes will benefit greatly from an improved first-level trigger strategy that does 
not rely solely on high transverse momentum hadrons. Simple statistical extrapolations show that several 
individual modes will give a potential statistical uncertainty close to 1°. Systematic uncertainties will 
clearly be very important. However, these uncertainties are largely uncorrected amongst the modes and, 
in many cases, can be measured in control samples. Therefore, a global determination to below 1° of the 
tree level unitarity triangle will be possible [1026]. This will act as a standard candle to be compared to 
all loop determinations of the unitarity triangle parameters. 

The very rare decay B^ —>■ fi^fx^ is key to many extensions beyond the SM. With a 100 fb^^ 
data sample LHCb upgrade would be able to make a precision measurement of the branching ratio 
B{B^ fi^fj,^) to about ~ 5% at the SM level. This will allow LHCb upgrade to either measure 
precisely the flavour properties of new SUSY particles discovered at the LHC or to put very stringent 
constraints on all SUSY models in the large tan /3 regime [560]. 

LHCb upgrade should also aim to observe the even rarer decay B'^ /"^/^ which has a SM 
branching ratio of (1.06 ± 0.04) x 10"^° (Equ.[l3l]l- The ratio B{B^ /i+/x^)/e(S° is 
sensitive to new physics beyond the SM and will allow to distinguish between different models. This 
search will be extremely challenging as it requires an excellent understanding of the detector to reduce 
the muon fake rate due to backgrounds from hadronic two body modes to an acceptable level. 

LHCb will exploit the semileptonic decay B —>■ K*^fi^^^ which is sensitive to new physics 
in the small tan (3 range. Using a full simulation LHCb expects to collect 7200 B —>■ K*'^^^fi^ per 
2 fb~^ [499]. In addition to the forward-backward asymmetry, ^fb> these large data samples will allow 
LHCb to measure the differential decay rates in the di-muon mass squared, q^, and the angular distribu- 
tions, and probe NP through the transversity amplitude A^^ and the K*^ longitudinal polarisation [468]. 
In the theoretically favoured region of 1 < < 6 GeV^/c^ the resolution in A^^^ is estimated at 
0.16 with 10 fb^^ of integrated luminosity [501]. While this data sample might provide a hint of NP, a 
ten-fold increase in statistics will allow to probe new physics at the few percent level and cover a large 
region of the MSSM parameter space. With a 100 fb^^ data sample LHCb upgrade expects to collect 
360k B —>■ K*^ ^'^ events. The corresponding precision for A^^^ is estimated to be 0.05 to 0.06. 

There are several other channels which have a large potential for probing NP with a 100 fb^^ data 
sample. An excellent example is B^ — > ^7 which is sensitive to the photon polarisation and right-handed 
currents [404]. Using a full simulation LHCb expects a yield of 11500 B^ (j)^ events in 2 fb^^ of 
data with a background to signal ratio < 0.91 at 90% C.L. [450]. The sensitivity of this decay to NP 
arising in right-handed currents is under study. LHCb upgrade would also be able to search for NP by 
studying the decays Bg — > (pfi^iJ.^ and B 'K{p)fi^ jj,^ . 

The very large charm sample would allow LHCb upgrade to search for NP in mixing and CP 
violation in charm decays. The expected statistical sensitivity on the parameters x'^, y' and ycp are 
2 X 10^^, 2.8 X 10^^ and 1.5 x 10^^, respectively (Table l43l). An LHCb upgrade could also probe lepton 
flavour violation in the decay mode r — > ;U+/i^/U+ with a an estimated sensitivity of 2.4 x 10~^ [1070]. 

The Standard Model (SM) as well as SUSY or Extra Dimension models can be augmented by 
additional gauge sectors [1071-1073]. This is a very general consequence of string theories [1074-1076]. 
These gauge sectors can only be excited by high energy collisions. An example is the "hidden valley" 
sector. The manifestations of many of these models could be new u-flavoured particles with a long 
lifetime [1071]. These can decay to a pair of b and b quarks that produce jets in the detector. An example 
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is the Higgs decay process H —>■ vr^vr^ followed by —>■ bb. LHCb is designed to detect 6-flavored 
hadrons and thus in a good position to detect decays of long-lived new particles. The LHCb vertex 
detector (VELO) is ~1 m long making it possible to measure these decays. LHCb upgrade will increase 
the sensitivity to much lower production cross section for these processes. 

In Table |59] we present a summary of the expected sensitivities for selected key measurements, 
discussed above and that could be performed with an upgrade of the LHCb experiment. These sensitiv- 
ities will exceed the range for probing NP from LHCb and B-factories considerably, and they will also 
improve upon the precision of SM parameters. 

Table 59: Expected sensitivity for LHCb upgrade with an integrated luminosity of 100 fb^^. A factor two of 
improvement for the LO hadron trigger and systematic error estimates are shown as a range. 



Observable 


LHCb upgrade sensitivity 


S(Bs ^ (/>(/>) 


0.01-0.02 




0.025 - 0.035 




0.003 


sin(2/3) (J/i^K^s) 


0.003 - 0.010 




< 1° 


7 (Bs ^ DsK) 


1-2° 


B{Bs ^ 


5 - 10% 


B{Bd ^ 


3a 


Af {B ^ K*"^ ^Ji+ ^1-) 


0.05 - 0.06 


Afb{B ^ K*y+ij-) so 


0.07 GeV^ 



We now compare the physics potential of LHCb upgrade collecting a 100 fb^ data sample, with 
that of a Super Flavour Factory (SFF), based on a 50 to 75 ab^^ data sample which is discussed in 
Section l4~T] of this report. 

The strengths of the two proposals are surprisingly complementary. For example the more benign 
environment of an e+e^ collider allows the SFF to make inclusive measurements of b ^ and the 
CKM matrix element Vuh and of rare decays with missing energy such as i?+ — > i'^u. However, LHCb 
upgrade is unique in its potential to exploit the physics of B'^ mesons, especially in B'^ oscillations. A key 
motivation for LHCb upgrade is the ability to probe new physics in hadronic 6 — > s penguin transitions 
by measuring the time-dependent CP asymmetry in the decay B'^ c/xj) with a precision of 0.01 to 0.02. 
The SFF will make complementary measurements by studying the time-dependent CP asymmetries of 
6 — > s transitions in several B^ decays. 

LHCb upgrade will be able to measure CP violation in the interference of mixing and decay in both 
S° and B^ mesons. This will allow LHCb to probe NP simultaneously in FCNC with B^ J/ipK^ 
and Bg J/ipip (tree) and B^ — > 0A'^ and B^ (fxp (hadronic b ^ s penguin) to the unprecedented 
level of ~ 1%. 

The LHCb upgrade will probe NP contributions to right-handed currents by measuring the time- 
dependent CP asymmetry in the decay B^ The SFF will make complementary measurements and 
exploit their better reconstruction efficiencies for decays with several neutral particles in the final state to 
measure the photon polarisation of B^ —>■ Kgir^^. 

In channels where both approaches are possible, the sensitivities are often comparable. LHCb 
upgrade usually will have larger statistics, but systematic errors in the hadronic environment will be 
more difficult to control. Both, LHCb upgrade and SFF propose to measure sin 2/3 to 0.01 and the CKM 
angle 7 with 1° precision. 
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A SFF can measure the zero of the forward-backward asymmetry in the inclusive channel b — > 
s£'^£~, but LHCb upgrade will collect a substantially larger sample of 360k K*^ij,~^ij,~ decays 

compared to 1 Ik at a SFF. This will enable LHCb to measure the asymmetry A^^ to ~ 5%. Only LHCb 
upgrade will be able to measure the fJ-^fJ" branching ratio to ~ 5%. This will precisely determine 

the flavour structure of new particles discovered at the LHC or severely constrain the SUSY parameter 
space. 

4.4.5 LHCb Detector and Trigger Upgrade 

We start out by presenting the Umitations of the LHCb detector and trigger which prevent LHCb from 

operating the detectors at higher luminosity. At the design luminosity of 2 x 10^^ cm~^ the visible 
cross section is 63 mb which corresponds to about 10 MHz of bunch crossings with at least one visible 
interaction. Note that increasing the luminosity from 2 to 10 x lO^^cm^^s^^ will only increase the 
number of interactions by a factor of two since the number of bunch crossings with visible interactions 
increases from 10 to 26 MHz. 

The LHCb experiment has a two level trigger system. The Level-0 trigger (LO) is implemented in 
hardware and the Higher Level Trigger (HLT) is running on a large CPU farm. The LO trigger operates at 
40 MHz. The purpose of LO is to reduce this rate to 1.1 MHz which is the maximum at which all LHCb 
detectors can be read-out by the front-end electronics. The LO trigger selects objects (hadron h, e, and 7) 
with high transverse energy, Elp'^''^, in the electromagnetic and hadronic calorimeters and the two highest 
transverse momentum (pj,) muons in the muon system. At the nominal luminosity of 2 x 10^^ cm~^ 
the typical trigger thresholds are > 3.5 GeV, E^'^ > 2.5 GeV and > 1 GeV. Events with 
multiple interactions are vetoed. 

Simulations show that the LO muon trigger efficiency for reconstructible events at the design lumi- 
nosity of 2 X 10^^ cm^^ s^^ is around 90% and that the output rate raises almost linearly with luminosity 
up to 5 X 10^^ cm~^ s~^. For larger luminosities the loss in efficiency is minor. At the design luminosity 
the muon trigger uses about 15% of the LO bandwith. However, the LO hadron trigger has a lower perfor- 
mance. The efficiencies of this trigger for hadronic decays are only about 40% at the design luminosity, 
whereas the LO hadron trigger uses about ~ 70% of the LO bandwith. At higher peak luminosity the rate 
of visible pp interaction increases which requires an increase in the threshold and the corresponding loss 
in efficiency results in an almost constant yield for the hadron trigger [1068]. 

This illustrates that the existing trigger does not scale with luminosity, in particular the hadronic 
trigger will not allow operating the LHCb experiment at ten times the design luminosity. The total trigger 
efficiency including the HLT for hadronic B decays is expected to be 25 to 30% [1025]. The goal of the 
LHCb upgrade should also be to improve the hadron trigger efficiency by at least a factor two. 

We have commenced initial studies which investigate how to upgrade the LHCb detector and 
triggers such that the experiment can operate at luminosities £ ~ 2 x 10^^ cm~^ s~^. These show that the 
only way to achieve this is to measure both the momentum and the impact parameter of charged B decay 
products simultaneously. The present front-end architecture is not compatible with this requirement. The 
vertex and tracking detectors are read-out at a maximum rate of 1 . 1 MHz, thus this information is not 
available to the LO trigger. 

Hence the LHCb upgrade has opted for a front-end electronics which will read-out all LHCb sub- 
detectors at the full bunch crossing rate of 40 MHz of the LHC. Data will be transmitted over optical 
fibres to a off detector interface board which is read out by the DAQ. This has clear advantages as it would 
allow the implementation of a LO displaced vertex trigger in a CPU farm. In fact all trigger decisions 
would be software-based which allows flexibiUty. 

A initial study for the 40 MHz trigger uses B^ —>■ DfK^ decays simulated at a luminosity of 
6 X 10^^ cm~^ s~^. Events with large numbers of interactions are employed to simulate larger effective 
luminosities up to 2 x 10^^ cm~^ s~^. Assuming enough CPU power to process an event rate of 5 MHz 
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we obtain a trigger efficiency of 66% for this channel. The requirements are a transverse energy Et > 
3 GeV from the LO hadron trigger which has an efficiency of 76% for signal combined with a matched 
track that has a transverse momentum pr > 2 GeV/c and an impact parameter S > 50/xm. In this 
combined trigger the minimum bias rate does not depend strongly on the luminosity and the triggered 
event yield scales hnearly with the luminosity. In addition, the total trigger efficiency is 60% larger when 
compared with the existing baseline. 

However this approach requires a replacement of the front-end electronics for all sub-detectors, 
with the exception of the muon chambers which are already read out at 40 MHz. Replacing the front- 
end electronics will require new sensors for several sub-systems. Besides the VELO silicon sensors, the 
silicon sensors of the tracking stations will need to be replaced. The sensors close to the beam will suffer 
from a ten-fold increase in radiation and hence more radiation hard sensors will be required. The RICH 
photon detectors have encapsulated front-end electronics and need to be replaced entirely. 

The vertex detector (VELO) silicon sensors undergo radiation damage and it is expected that these 
will need to be replaced when 6 to 8 fb^^ of luminosity has been collected [1077]. However the channel 
occupancy in the VELO is ~ 1% at design luminosity. When increasing the luminosity by a factor of 
ten to 2 X 10^^ cm~^ the occupancy only increases to ~ 3% and the corresponding efficiency loss is 
small. 

A preliminary study of the performance of the electromagnetic calorimeter (ECAL) at high lumi- 
nosity shows only a small degradation for the selection efficiency of the decay (f)j. It might be 
necessary to upgrade the inner section of ECAL to improve its granularity and energy resolution. The 
increased radiation level of irradiation leads to a degradation of the energy resolution and will require 
that half the inner ECAL section will need to be replaced after 3 years of operation at 2 x 10^^cm~^s~^. 

R&D efforts have started on technologies for radiation-hard vertex detectors that will be able to 
operate in the LHC radiation environments at LHCb upgrade luminosities. The detector sensors will 
need to be able to operate at radiation doses of about 10^^ 1 MeV equivalent neutrons/cm^. Initial 
studies of Czochralski and n-on-p sensors irradiated up to 4.5 x 10^^ 24 GeV protons/cm^ are promising 
and show that the charge collection efficiencies saturate at acceptable bias voltages [1077]. Pixel sensors 
are very radiation hard and R&D on this technology has started. 

Two different vertex-detector geometries are envisaged. One is to shorten the strips, the other 
is to use pixels. Removing the RF foil that separates the VELO sensors from the primary beam-pipe 
vacuum would reduce the radiation length before the first measurement by 3% and improve the proper 
time resolution of B meson decays. 

4.4.6 Summary and Conclusions 

The LHC will open a new window for discovering new physics (NP) beyond the Standard Model. The 
LHCb experiment will probe NP with precision studies of flavour observables, whereas the general pur- 
pose detectors ATLAS and CMS aim to directly observe new particles. Both approaches are required to 
study the mass hierarchy and the couplings of the new physics. LHCb will collect an integrated luminos- 
ity of about 10 fb^^ during its first five years. Very likely the LHC results will show that a significantly 
better sensitivity will be required for both, the direct and indirect approaches. Here we present a pro- 
posal to upgrade the LHCb detectors to be able to operate at ten times the design luminosity, i.e. at 
2 x 10^^ cm~^ s~^, and to collect a data sample of 100 fb~^ with an improved detector. Initial sensitiv- 
ities for physics with LHCb upgrade are presented. These show that LHCb upgrade has the potential to 
probe new physics at unprecedented levels that is mainly complementary to the proposed Super Flavour 
Factory. The upgraded LHCb experiment will include a first level detached vertex trigger for which a 
new front-end architecture must be designed. A more radiation hard vertex detector is required to cope 
with the increased radiation doses. 
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5 Assessments 

In Sect. [T] we briefly introduced several NP scenarios and discussed their impact on FCNC and CP 
violating processes. Then, in Sect. [3] we considered several benchmark channels that are particularly 
sensitive to NP, discussing the present status and future developments. The aim of this Section is to 
summarize the present status of NP flavour scenarios, to identify possible patterns of NP signals, and to 
describe the first attempts that have been made during the workshop to connect constraints on NP (and 
possible NP signals) in flavour and high-energy physics. The first two items are discussed in Sect. 15.11 
the last one is presented in Sect. 15.31 

5.1 New-physics patterns and correlations 

The past decade has witnessed enormous progress in the field of flavour physics: B-factories have studied 
flavour and CP violation in — mixing and in an impressive number of B decays; the Tevatron has 
produced the first results on Bg — Bg mixing and has studied several BRs and CP asymmetries in B 
and Bs decays; very recently, B-factories have established the first evidence of D — D mixing. This 
flourishing of experimental results has been accompanied by several remarkable improvements on the 
theory side, both in perturbative and non-perturbative computations. Let us just mention the NNLO 
calculation of BR(6 S7), the proof of factorization in nonleptonic B decays in the infinite mass limit 
and the first unquenched results on B physics from lattice QCD. 

Thanks to these experimental and theoretical achievements, we now have a rather precise idea of 
the flavour structure of viable NP extensions of the SM. The general picture emerging from the gener- 
alized Unitarity Triangle analysis performed in ref. [7,9,210] and from the very recent data on D — D 
mixing [911,929,936, 1078] is that no new sources of CP violation of 0{1) are observed in S^, K and 
D mixing amplitudes. However, the possibility of NP CP-violating effects in Bg mixing is still open. 
Concerning AF = 1 processes, the situation is quite different. In particular, large NP contributions 
to s ^ dg, b dg and b ^ sg transitions are not at all excluded. Sizable NP effects in s ^ dZ, 
b ^ dZ and b ^ sZ vertices are also possible, although the available experimental data excludes 
order-of-magnitude enhancements. Finally, PC Higgs interactions generated by NP can still give large 
enhancements of scalar vertices, although the upper bounds on Bg — > A*"*"/^" are getting tighter and 
tighter. 

To summarize, we can say that, although the idea of minimal flavour violation is phenomenolog- 
ically appealing [10, 12, 82, 84, 190, 872, 1027], an equally possible alternative is that NP is contributing 
more to AF = 1 transitions than to AF = 2 ones. Within the class of AF = 1 transitions, (chromo)- 
magnetic and scalar vertices are peculiar since they require a chirality flip to take place, which leads 
to a down-type quark mass suppression within the SM. On the other hand, NP models can weaken this 
suppression if they contain additional heavy fermions and/or additional sources of chiral mixing. In this 
case, they can lead to spectacular enhancements for the coefficients of (chromo)-magnetic and scalar 
operators. Furthermore, if the relevant new particles are colored, they can naturally give a strong en- 
hancement of chromomagnetic operators while magnetic operators might be only marginally modified. 
The electric dipole moment of the neutron puts strong constraints on new sources of CP violation in 
chirality-flipping flavour-conserving operators involving light quarks, but this does not necessarily imply 
the suppression of flavour-violating operators, especially those involving b quarks. Therefore, assuming 
that NP is sizable in several AF = 1 processes is perfectly legitimate given the present information 
available on flavour physics. 

Thus, we can identify at least three classes of viable weakly-interacting NP extensions of the 

I. Models with exact MFV; 

'^Strongly-interacting NP most probably lies beyond the reach of direct searches at the LHC and so will not be discussed 
here [9]. 
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2. Models with small (0(10%)) departures from MFV; 

3. Models with enhanced scalar or chromomagnetic AF = 1 vertices, and a suitable suppression of 
NP contributions to AF = 2 processes. 

In models belonging to the third class, we expect sizable NP effects in B physics. From a theoret- 
ical point of view, a crucial observation is the strong breaking of the SM SU (3)^ flavour symmetry by 
the top quark Yukawa coupling. This breaking necessarily propagates in the NP sector, so that in general 
it is very difficult to suppress NP contributions to CP violation in b decays, and these NP contributions 
could be naturally larger in b ^ s transitions than in 6 ^ d ones. This is indeed the case in several 
flavour models (see for example Ref. [1079]). 

Another interesting argument is the connection between quark and lepton flavour violation in 
grand unified models [110, 1080-1082]. The idea is very simple: the large flavour mixing present in the 
neutrino sector, if mainly generated by Yukawa couplings, should be shared by right-handed down-type 
quarks that sit in the same SU{5) multiplet with left-handed leptons. Once again, one expects in this 
case large NP contributions to 6 ^ s transitions. 

5.2 Correlations between FCNC processes 

On general grounds, it is difficult to establish correlations between FCNC processes without specifying 
not only the NP flavour structure, but also the details of the NP model. However, there is a notable 
exception, given by models of Constrained Minimal Flavour Violation (see Sect. [T] for the definition of 
this class of MFV models). While correlating AF = 1 to AF = 2 processes is not possible without 
specifying the details of the model, in the case of CMFV there are several interesting correlations between 
FCNC processes. In CMFV, all NP effects can be reabsorbed in a redefinition of the top-mediated 
contribution to FCNC amplitudes. Thus, all processes that involve the same top-mediated amplitude are 
exactly correlated. This has interesting phenomenological consequences, allowing for stringent tests of 
CMFV by looking at correlated observables [10, 12, 190, 874, 1083]. 

It is enough to go from CMFV to MFV to destroy many of these correlations: for example, in 
MFV models with two Higgs doublets at large tan j3 it is in general not possible to connect K, B and 
Bg decays in a model-independent way. However, interesting correlations remain present also at large 
tan (5. For example, the enhancement of Bg /U^/i^ corresponds in general to a depletion of Am^ [30] 
(actually, both features might be phenomenologically acceptable [32]). 

Of course, within a specific model it is in general possible to correlate AF = 1 and AF = 2 pro- 
cesses and to fully exploit the constraining power of flavour physics. The most popular example is given 
by the minimal supergravity models, where one can combine not only all the information from flavour 
physics, but also the available lower bounds on SUSY particles and the constraints from electroweak 
physics, dark matter and cosmology [1084-1100, 1129-1133]. Interesting correlations between FCNC 
processes are also present in the CMSSM if one considers more general SUSY spectra than minimal 
supergravity [86,1027]. 

Even allowing for new sources of flavour and CP violation to be present, correlations remain 
present between the several flavour observables generically affected by the same NP flavour violating 
parameter. An interesting example is given by SUSY models with enhanced chromomagnetic 6 — > s 
vertices (see e.g. ref. [107]). 

Another general class of NP models in which interesting correlations between FCNC processes can 
be established is given by SUSY-GUTs. Grand unification implies the equaUty of soft SUSY breaking 
terms at the GUT scale. Thus, any new source of flavour and CP violation present in squark masses 
must also be present in slepton masses, leading to a correlation between squark and slepton FCNC 
processes [69]. An extensive discussion of these correlations has been carried out in ref. [70]. As an 
example, we present in Fig. l72l (from ref. [70]) the constraints on ('^i3)j^j^ (defined in Sec. 11.3.51) from 
hadronic constraints only (upper left), leptonic constraints only (upper right), all constraints (lower left) 
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Fig. 72: Allowed region in the Re (^fg) j^j^-Im(^5'3) plane using hadronic constraints only (upper left), leptonic 
constraints only (upper right), all constraints (lower left) and all constraints with improved leptonic bounds (lower 
right). 



and all constraints with improved leptonic bounds (lower right). In this interesting case, hadronic and 
leptonic bounds have comparable strengths. Exploiting the GUT correlation, it is possible to combine 
them to obtain a much tighter constraint on ('5i3)j^j^- 
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5.3 Connection to high-energy physics 

Recent low-energy data from flavour physics experiments showed relatively good agreement with the 
SM prediction (taking into account the theory uncertainties). This imposes strong constraints on any 
new physics scenario, hi view of the new results and the new bounds on physics beyond the SM the 
demand for scenarios that could be used for studies at ATLAS or CMS (or more generally for setting 
up the infrastructure for future studies once ATLAS and CMS have collected their first data) was issued. 
These scenarios should be in agreement with all existing B and K physics data and possibly show 
interesting signatures at the LHC experiments. 

hi this respect the question which parameter choices are useful as a benchmark scenario depends 
on the purpose of the actual investigation. If one is interested, for instance, in setting exclusion limits 
on the SUSY parameter space from the non-observation of SUSY signals at the experiments performed 
up to now, it is useful to use a benchmark scenario which gives rise to "conservative" exclusion bounds. 
An example for a benchmark scenario of this kind is the m™^^-scenario [1101, 1102] used for the Higgs 
search at LEP [1103] and the Tevatron [1104, 1105]. Another purpose for using benchmark scenarios 
is to study "typical" experimental signatures of e.g. SUSY models and to investigate the experimental 
sensitivities and the achievable experimental precisions for these cases. For this application it seems 
reasonable to choose "typical" parameters (a notion which is of course hard to define) of certain SUSY- 
breaking scenarios (see e.g. the "Snowmass Points and Slopes" [1107]). In this context it can also be 
useful to consider "pathological" regions of parameter space or "worst-case" scenarios. 

In the perspective of future improvements on B and K physics data, it is also worth to consider 
the possibihty of a positive signal of new physics selected by some low-energy observable. In this 
perspective, it is useful to consider benchmark scenarios with well-defined low-energy signatures, such 
as the MFV scenario with large tan/3 discussed in Ref. [32], or models with small flavour-breaking 
structures departing from the minimal structure of the constrained MSSM. These cases are particularly 
useful to explore the capabihty of future flavour-physics measurements in constraining a hmited set of 
the SUSY parameter space, both separately and in conjunction with future ATLAS/CMS data. 

A related issue concerning the definition of appropriate scenarios is whether a benchmark scenario 
chosen for investigating physics at ATLAS and CMS should be compatible with additional information 
from other experiments (beyond B and K physics). This refers in particular to constraints from cos- 
mology or the measurement of the anomalous magnetic moment of the muon, {g — 2)^ [1 106]. On the 
one hand, applying constraints of this kind gives rise to "more realistic" benchmark scenarios (see e.g. 
Ref. [1 107]). On the other hand, one relies in this way on further assumptions (and has to take account of 
experimental and theoretical uncertainties related to these additional constraints), and it could eventually 
turn out that one has narrowed down the range of possibilities too much by applying these constraints. 
This applies in particular if slight modifications of the model under investigation have a minor impact 
on collider phenomenology but could significantly alter the bounds from cosmology and low-energy ex- 
periments. E.g. the presence of a small amount of R-parity violation in a SUSY model would strongly 
affect the constraints from dark matter rehc abundance while leaving the phenomenology at high en- 
ergy colliders essentially unchanged. Thus we restrict ourselves to scenarios which are compatible with 
flavour physics, with existing lower bounds on new particles (e.g. the bound on the lightest MSSM Higgs 
boson [1103, 1108]) and with other electroweak precision data, see Ref. [1109] and references therein. 

The general procedure of setting up new scenarios follows the steps: 

1. identify the models of interest; 

2. identify within these models the regions of the parameter space that are compatible with the exist- 
ing constraints from flavour physics, electroweak precision physics and direct bounds; 

3. identify specific sub-regions which could be selected by future improvements on flavour physics; 

4. study the most interesting points in view of their high-energy phenomenology that can be explored 
at ATLAS and CMS; 
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5. set up the infrastructure for the analysis of (possible) data that will be collected at ATLAS and 
CMS to test the new high-energy results against existing low-energy data. 

Concerning the first step, the model(s) which exhibited most interest during the workshop are the MSSM 
with (N)MFV. Consequently, in the following we concentrate on this class of SUSY models. 

Within the second and third step it is desirable to connect different codes (e.g. working in the 
(N)MFV MSSM, see Section [T.5.1l ) to each other. Especially interesting is the combination of codes that 
provide the evaluation of (low-energy) flavour observables and others that deal with high-energy (high 
Pt) calculations for the same set of parameters. This combination would allow to test the ((N)MFV 
MSSM) parameter space with the results from flavour experiments as well as from high-energy experi- 
ments such as ATLAS or CMS. 

A relatively simple approach for the combination of different codes is their implementation as 
sub-routines, called by a "master code" (see Sections 15.3.31 11.5.21 ). This master codes takes care of 
the correct definition of the input parameters for the various subroutines. Concerning the last step, the 
application and use of the master code would change once experimental data showing a deviation from 
the SM predictions is available. This can come either from the on-going flavour experiments, or latest 
(hopefully) from ATLAS and CMS. If such a "signal" appears at the LHC, it has to be determined to 
which model and to which parameters within a model it can correspond. Instead of checking parameter 
points (to be investigated experimentally) for their agreement with experimental data, now a scan over 
a chosen model could be performed. Using the master code with its subroutines each scan point can be 
tested against the "signal", and preferred parameter regions can be obtained using a evaluation. It 
is obvious that the number of evaluated observables has to be as large as possible, i.e. the number of 
subroutines (implemented codes) should be as big as possible. 

5.3.1 The first approach: 

prediction of h-physics observables from SUSY measurements 

The first approach was followed in collaboration with ATLAS. 

An LHC experiment will hopefully be able to measure a significant number of SUSY parameters 
based on the direct measurement of SUSY decays. The experimental potential in this field has been 
studied in detail for various benchmark points. Based on these studies, a possible approach is to focus 
on specific models for which many SUSY parameters can be measured at the LHC, and to try to answer 
the following questions: 

1. How precisely can 6-physics variables be predicted using measured SUSY parameters? 

2. Vice versa: can we use 6-physics measurements to constrain badly measured SUSY parameters? 

3. Is the precision of the measurements on the two sides adequate to rule out minimal flavour violation 
and/or to constrain flavour violation in the squark sector? 

We will show in the following the application of this approach, especially of question (1), to a point of 
the MSSM space which was adopted as a benchmark point by the Supersymmetry Parameter Analysis 
(SPA) group [1 1 10]. This model is defined in terms of the parameters of the mSUGRA model (mo = 70 
GeV, mi/2 = 250 GeV, = -300 GeV, tan /3 = 10, /x > 0). This is a modification of the point SPSla, 
essentially achieved by lowering mo from 100 to 70 GeV, originally defined in Ref. [1107] to take into 
account more recent results on dark matter density. 

The values of the sparticle masses at tree level, computed with the program ISASUSY 7.7 1 [1111], 
are given in Table [60l Constraints on the sparticles masses can be obtained from measurements of the 
kinematics of the SUSY cascade decays Ref. [1112-1114]. This program has been carried out recently 
for the SPSla model point [1115], assuming the performance of the ATLAS detector. The resulting 
constraints allow the measurement of the masses of x?, X2' Xa' 9' ^l, Qr, bi, &2 ^L, t^i, where qi 
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Sparticle 


mass [GeV] 


Sparticle 


mass [GeV] 




97.2 


X^ 


180.1 




398.4 


xl 


413.8 


h 


189.4 




124.1 


h 


107.7 




194.2 


ii 


347.3 




562.3 


UL 


533.3 


9 


607.0 


h 


116.8 


A 


424.6 



Table 60: Masses of the sparticles in the considered model as calculated at tree level with ISAJET7.71 [1111 ] 




and qn are the average of the masses of the squarks of the first two generations. All these masses should 
be measurable with an uncertainties of a few percent, for an integrated luminosity of 300 fb^^. The 
estimated uncertainties will be used as an input to this study. 

For the stop sector a detailed study is available [1117], always performed in the framework of 
the ATLAS collaboration. This analysis studies the tb invariant mass distribution in SUSY events. This 
distribution, shown in the left panel of Fig. |73] shows the characteristic kinematic edge which can be 
expressed as a function of the masses. Two main SUSY decay chains yield a tb final state signature: 

g ^ iit ^ tbxf (231) 

and 

g^bib^ tbxf. (232) 

Therefore the position of the end-point in the tb mass distribution (M^j^) will measure the average of the 
edges for the two decays weighted by the relative BR, which yields a constraint on a number of MSSM 
parameters: 

From the height of the observed kinematic distribution one can also measure the ratio of events in the tb 
mass distribution to all SUSY events with a b pair in the final state, A^edgc/-^aii- This observable is well 
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correlated, as shown in the right panel of Fig. |73l with the quantity BR(edge)/BR(^ —^ bbX) where 
BR(edge) is the sum of the BR's for the decays ( 12311 ) and ( 12321 ) above. Finally direct searches in the 
SUSY Higgs sector yield additional constraints on the MSSM soft parameters. 

The next step is the extraction of the soft SUSY-breaking parameters from the measured sparticle 
masses and branching ratios. We use a Monte Carlo technique relying on the generation of simulated 
experiments sampling the probability density functions of the measured observables. We proceed in the 
following way: 

1. An 'experiment' is defined as a set of measurements, each of which is generated by picking a value 
from a Gaussian distribution with mean given by the central value calculated from the input param- 
eters of the considered model and width given by the estimated statistical-i- systematic uncertainty 
of each measurement. 

2. For each experiment, we extract the constraints on the MSSM model as we will describe in the 
following. 

We obtain as a result of this calculation a set of MSSM models, each of which is the "best" estimate for 
a given Monte Carlo experiment of the model generating the observed measurement pattern. For each of 
these models the 6-physics observables can be calculated. 

Three groups of soft SUSY-breaking parameters are relevant for the prediction of 6-physics ob- 
servables: 

- The parameters of the neutralino mixing matrix. Mi, M2, ^jl, tan (3 

- TUA, the mass of the pseudoscalar Higgs, defining (together with tan /?) the Higgs sector at tree 
level 

- The masses and mixing angles of third generation squarks i and b 

For the first two a detailed discussion is given in [1118] which we will briefly summarize here. 

In the SPA point only the mass of three neutralinos (1,2 and 4) can be measured. The three masses 
give a strong constraint on Mi, M2, fi, but have little sensitivity to tan (3. Therefore we use a fixed input 
value for tan/3, and we calculate the values of Mi, M2, from numerical inversion of the neutralino 
mixing matrix. We will then study 'a posteriori' the dependence on tan /?. The resultant uncertainty on 
Ml, M2, /i is ~5-6 GeV, corresponding to the uncertainty on neutralino masses. By varying tan /? in the 
range 3 < tan (3 < 30, the calculated values vary by less than 5 GeV. 

Information on tan /5 and rriA can in principle be extracted from the study of the Higgs sector The 
ATLAS potential for discovery is shown in Fig.|74l from [1113]. The light Higgs boson h can be dis- 
covered over the whole parameter space, but the measurement of its mass only provides somewhat loose 
constraints, depending on the knowledge of the parameters of the stop sector Much stronger constraints 
would be provided by the measurement of the mass and production cross-section of one or more of the 
heavy Higgs bosons. For the model under consideration, with tan (3 = 10 and uia ~425 GeV, heavy 
Higgs bosons cannot be discovered at the LHC in their SM decay modes. Moreover, the heavy Higgs 
bosons can not be produced in chargino-neutralino cascade decays because the decays are kinematically 
closed. The only possibility would be the detection of A/H —^ X2X2 ~^ Unfortunately the rate is 
very small, ~ 40 events/experiment for 300 fb^^ before experimental cuts. A very detailed background 
study would be needed to assess the detectability of this signal. 

We can now turn to the extraction of parameters of the stop-sbottom sector The sector is defined 
by 5 soft SUSY-breaking parameters: m(Q3), the mass of the left-handed third generation doublet; 
m{tfi) and m{bji), the masses of the stop and sbottom right-handed singlets; At and Ai,, the stop and 
sbottom trilinear couplings. More convenient mixing variables would be 9-^ and 6^, the left-right sbottom 
and stop mixing angles. For the considered point 5 measurements will be available at the LHC: 
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Fig. 75: Allowed la bands on the 6^^-6i plane re- 
spectively for the measurement of BR{ia,n [3) (red 
downwards hatching) and ofBR(t) (blue upwards 
hatching). 



- m-,^, m-,^, BR{g ^ 662 ^ 66x^)/BR(5 ^ ^^i ^ b^X^) (BR(6)) [1115] 

- M^t, BR(edge)/BR(5 ^ bbX) (BR(t)) [1117] 

The assumed experimental errors on these variables are given in Table [611 



Variable 


Value 


Error 


m-g - 


128.7 GeV 


1.6 GeV 


m-g - 


86.9 GeV 


2.5 GeV 


BR(6) 


0.70 


0.05 


BR(t) 


0.21 


0.08 




411.3 GeV 


5.4 GeV 



Table 61: Assumed uncertainties for the LHC measurements in stop-bottom sector The assumed statistics is 
300 fb^^. The only systematic error considered is the jet energy scale error on the mass/end point measurements. 



It is therefore possible to solve the available constraints for , 6^, 6^, as discussed in [1119]. 
In [1119] the parameters of the gaugino matrix were assumed to be measured with infinite precision at 
the ILC, and the errors on the parameters in the stop sector were estimated by mapping the region in the 
Of: — plane compatible within the estimated errors with the nominal values of the five observables. 

We incorporate the LHC uncertainties on the measurement of Mi, M2, n, and we use the technique 
of building Monte Carlo experiments described above. 

The strategy is to scan the three-dimensional space m^^ , O^, O^, and to find the point in space which 
reproduces the measured values of Mtb, BR(t), BR(6). For fixed m^^, the measurement of the position 
in the 0-^-9i plane is given by combining the crossing of the line corresponding to the measured value of 
BR(6) with the line corresponding to the measured values of BR(6). We show in Fig. 175) respectively 
the band constrained by ±la around the input values of BR(5) and BR(t) when all the other MSSM 
parameters are kept fixed. Because of the rather loose constraints on BR(6), and the low statistics in the 
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Fig. 76: Left: distribution of the calculated ti mass for an ensemble of Monte Carlo experiments at the LHC. Right: 
distribution of the calculated 6^ versus Oj^ for an ensemble of Monte Carlo experiments. The assumed statistics is 
300fb-^. 



1)2 peak, the region where the two bands cross, which roughly represents the allowed region in the plane, 
extends from the region around the input value (9^ = 0.933, 6*^ = 0.42) with a very low tail towards the 
region of high 6*^ and low 6^. 

The results of the scan are shown in Fig. |76] In the left plot we show the distribution of the measured 
m^^ values for the considered ensemble of MC experiments. The RMS of the distribution is ~ 17 GeV, 
corresponding to a ~ 5% uncertainty on the light stop mass. The measured values in the 9^ versus 9-^ 
plane are shown in the plot on the right of Fig. |76] As expected from the discussion above, a significant 
number of experiments yield a high value of 6*^ and a low value of 9f. 

The conclusions on the MSSM parameter measurement for the SPA model point under the as- 
sumption of no FCNC effects from sfermion mixing matrices are thus: 

- Neutralino/chargino mixing matrices fixed with ~ 5% if the value of tan (3 is known. 

- Slepton sector well constrained, including stau mixing angle 

- Masses of first two generations squarks (L & R) and of gluino measured at ~5-10% level 

- Enough constraints to fix the 5 parameters of the stop/sbottom sector. For fixed tan /? uncertainty 
of ~5% on stop mass, long tails in the measurement of 9^ and 9^:. 

- Weak constraints on tan /? and niA 

We can now, based on the expected precision for the measurement of MSSM parameters estimate 
how precisely observables in the 5-sector can be predicted. We focus on two variables: 

- BR{B ^ X,7) 

Two public programs micrOMEGAs 1 .3.6 [1 120] and ISARED [1111] allow the evaluation of these two 
variables from an input set of MSSM parameters. Both programs work in the MFV framework, and are 
based on the most recent NLO calculations. The results from micrOMEGAs 1.3.6 were used for the 
present exercise. 



The study is done in different steps. We first perform scans in the parameter space to evaluate the 
sensitivity of the two observables to the key parameters. Thereafter, based on the method of Monte Carlo 
experiments described above, we evaluate the expected value of BR(i?s fJ-fJ-) and BR(i3 — > Xs^) 
for each Monte Carlo experiment. The spread of the obtained distributions is taken as the experimental 
uncertainty of the observables. Since tua and tan /3 are badly constrained by the LHC measurements, 
this is done keeping and tan (3 fixed. 

The dependence of BR(i?s — > jj,^) on ruA, tan/3 is shown in the left panel of Fig. |77] Since 
BR(i?s —>■ fifj.) oc tan^ P/m\, this measurement has a strong constraining power on tan /? if tan (3 ^ 15. 
For lower values of tan /? the effect becomes too small and SUSY is indistinguishable from the SM. 
The present limits from the Tevatron experiments only eliminate a small region of the parameter space 
with small niA and large tan^. The expected 90% bound from ATLAS: 6.6 x 10"^ for 30 fb^^ [1121] 
would allow us to exclude a region in tua — tan /? similar to the one excluded by non-discovery of 
H/A —>■ TT. For higher tan (3 the measurement of a deviation from the SM would provide a nice cross- 
check with tan /? as measured from H/A production. 

The value of BR(i? Xsj) in the tua — tan f3 plane is shown in the right panel of Fig. |77] The 
present world average for BR(i? Xs^) [493]: 

(3.3 ±0.4) X 10"^ 

would select a narrow band in the niA — tan P plane, thus providing essentially no bound on niA and a 
strong constraint on the allowed tan (3 range, in the MFV hypothesis. 



SPA point, MSSM with minimai flavour vioiation SPA point, MSSM with minimal flavour violation 




300 400 500 600 300 400 500 600 

m(A) (GeV) m(A) (GeV) 



Fig. 77: Left: curves of equal value for BR[Bs — > in the vriA — tan (3 plane. Right: curves of equal value for 
BR{B Xs^). The MSSM parameters are as defined for the SPA point and the calculations are performed using 
MicrOMEGAs. 

We show in Fig.|78]the values of BR(i?s — > and BR(i? ^s7) in the m^-^ — plane with 
the other parameters fixed (see Fig. |79] below for an analysis of the effect of their uncertainty). The 
variation of BR(i?s /^A*) over the considered space is moderate. The present experimental error on 
the measurement of BR(i? Xg^) already defines a very small slice in the m^-^ — 0^ plane. For fixed 9i 
the dependence on is not very strong. We therefore conclude that a precise measurement of 6i is the 
key ingredient for the prediction of BR(i3 — > Xg'^) from the LHC SUSY data. 

As a next step we verify that the experimental uncertainty on the two considered observables is 
indeed dominated by the measurement of m^, tan (3, mi^ and 6*^-. To this effect we calculate BR(i?s — > 
^fi) and BR(i? Xs^) for all the Monte Carlo experiments, letting all of the MSSM parameters 
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Fig. 78: Left: curves of equal value for BR{Bs — > /^/i) in the rn^^ — 9i plane. Right: curves of equal value for 
BR{B — > Xs^) in the TOj^ — 0^. plane. The MSSM parameters are as defined for the SPA point and the calculations 
are performed using MicrOMEGAs. 
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Fig. 79: Distribution of the predictions BR{Bs /i/i) (left) and BR{B — > ^^"^7) (right) for an ensemble of 
LHC experiments when tua, tan (3, m^^. Of, are kept fixed at the nominal values and all the remaining MSSM 
parameters are smeared according to the expected measurement uncertainty 



fluctuate according to the experimental error, except the four parameters mentioned above. The result 
is shown in Fig. |79] In these conditions the uncertainty is small, 0.3% on the prediction of BR(i3s 
fifj.) and 1% for the prediction of BR(S — > Xg"/). These parametric uncertainties do not include the 
theoretical uncertainties in the calculation of the two observables. 

Finally, we can evaluate how precisely we can predict the 6-physics observables, by varying all 
of the MSSM parameters, according to the expected measurement precision at the LHC for the SPA 
point, except ruA nd tan (3, which are kept fixed. The results are shown in Fig. [8OI We observe a. r^5% 
uncertainty on the prediction for BR(i?s — > /X/u), and a ~15% uncertainty on the prediction for BR(B —>■ 
Xg'y). For both observables one can roughly observe two populations, corresponding to the regions in 
Ol-Of observed in Fig. |76] The experiments in the tail of mismeasured 9^ and contribute respectively 
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Fig. 80: Distribution of the predictions BR{Bg fifi) (left) and BR{B Xg^) (right) for an ensemble of 
LHC experiments when tua, tan fi, are kept fixed at the nominal values and all the remaining MSSM parameters, 
including the ones defining the stop sector are smeared according to the expected measurement uncertainty 



to the region of high values of BR(i?s jiji), and to the bump for low values of BR(i? Xg'y). 

We have thus shown that for the considered model good enough measurements of MSSM param- 
eters are possible at the LHC to provide predictions for BR(5 Xg'y), BR(55 jijj) as a function of 
the two unconstrained variables: tha and tan (3. 

Once the LHC data are available, one can imagine different scenarios, e.g. 

- A/ H ^ TT is observed and tan /? and niA measured. 

At this point a consistency check would be possible among the tan f5 constraints provided by the 
Higgs measurement and the one provided by the 6-physics observables calculated in the MFV 
scheme. A significant disagreement, once all the experimental and statistical uncertainties are 
evaluated, would indicate the presence of flavour violation in the squark sector. 

- tan (3 is not constrained by high-p^ searches. 

A signal for non-minimal flavour violation could still be provided by the inconsistency of the 
tan /3 regions constrained by respectively m(/i), BR(iJ Xsj), and BR(i?s iiji). In case of 
consistency the results could be taken as a measurement of the tan j3 parameter. 

Relevant questions at this point are: what are the precisions required on the MSSM and on the fe-physics 
measurements and on the theoretical calculations to be able to claim a signal for flavour-changing terms 
in the squark mass matrices? 

In case the measurements are consistent with MFV, what additional constraints on the flavour violation 
sector can be extracted by combining MSSM studies and 6-physics measurements? 

Various analyses are available in the hterature [107], [113], based on assessing present allowed 
regions of non-diagonal elements in the super-CKM matrix, parametrised in terms of (^fs)^^, where 
AB can be RR, LL, RL, LR. Bounds on 5 are normally given for some special choice of soft SUSY- 
breaking parameters, e.g. m{q) = rrig = ^ = —A^ for different choices of m{q). Additional variables 
are also considered such as AM^, BR(S XJ'^i'), AcpiB ^ Xg^). 

Based on the study presented here it would be interesting to repeat these analyses but for the 
parameters of a specific SUSY point, incorporating the expected experimental errors on the SUSY pa- 
rameters. As a result of these studies, one could get guidance on which are the MSSM measurements 
crucial to discover flavour violation, thus pointing the way for the investigation of SUSY models in 
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high-pT physics. 



5.3.2 The second approach: 

SUSY measurements in b-physics favoured parameter spaces 

A second, somewhat complementary, approach was followed in collaboration with CMS physicists. 
5. 3. 2. 1 b-physics favoured parameter space 

The model under investigation is the MSSM, in the first step with MFV, and possibly in a later stage also 
with NMFV. The compatibility with flavour physics was taken into account following Ref. [32], where 
the MSSM parameter space was analyzed under the assumption of heavy scalar quarks and leptons, and 
large tan j3. The range of SUSY parameters has been restricted to the values listed in Table [62l Here 
tan f3 is the ratio of the two vacuum expectation values. Ma denotes the mass of the CP-odd Higgs 
boson, 11 is the Higgs mixing parameter, M- r are the diagonal soft SUSY-breaking parameters in the 
scalar quark and scalar lepton sector, respectively. All the trilinear couplings are set to be equal to At 
(the tri-linear Higgs-stop coupling), while nig, M2 and Mi are the gluino mass and the soft SUSY- 
breaking parameters in the chargino/neutralino sector. All parameters are assumed to be real. The upper 
part of Table [62] are the more relevant parameters, while the lower part has a smaller impact on the flavour 
physics phenomenology. 

The ranges in Ref. [32] are generally compatible with the existing low-energy constrains. How- 
ever, one expects to be able to select narrow sub-regions by more precise measurements of specific 
S-physics observables, such as BR(i? —>■ tv) or BR(i?s The "best" values denote specific 

points for which a more detailed investigation of the high-energy signatures at CMS has been performed. 





range 


"best" value(s) 


tan /? 


30-50 


40 


Ma [GeV] 


300 - 1000 


300, 500, 800, 1000 


At [GeV] 


-2000- -1000 


-1000, -2000 


/i [GeV] 


500 - 1000 


500, 1000 


Mq [GeV] 


> 1000 


1000, 2000 


M-, 


1/2 Mq 










M2 [GeV] 




300, 500 


Ml 


111 M2 





Table 62: Selected ranges and "best values" of the SUSY parameters for the "CMS analysis" in the MFV MSSM 
(following Ref. [32]): tan (3 is the ratio of the two vacuum expectation values. Ma denotes the mass of the CP-odd 
Higgs boson, fi is the Higgs mixing parameter, Af - are the diagonal soft SUSY-breaking parameters in the scalar 
quark and scalar lepton sector, respectively; At is the tri-linear Higgs-stop coupling, where all trilinear couplings 
are set equal; rrig, AI2 and Mi are the gluino mass and the soft SUSY-breaking parameters in the gaugino sector. 
All parameters are assumed to be real. 



5.3.2.2 Experimental analysis 

The strategy followed by CMS physicists is to apply an aheady understood search analysis to the sample 
of MSSM points that are consistent with flavour constraints as described above. The starting point is 
Ref. [1 122], in which CMS studied the production and decay of SUSY particles via inclusive final states 
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including muons, high-pT jets, and large missing transverse energy. In that work, a fully simulated and 
reconstructed low mass (LMl) Constrained MSSM (CMSSM) point was taken as the benchmark for 
selection optimisation and study of systematic effects. Even though the study was performed within the 
context of CMSSM, the method is not specific to the CMSSM framework and should apply equally well 
in other contexts including, i.e. also in the general MSSM. 

The response of the CMS detector to incident particles was simulated using a GEANT4-based 
framework [1 123], known as the Object-oriented Simulation for CMS Analysis and Reconstruction (OS- 
CAR) [1 124]. The inclusion of pile-up and the reconstruction of analysis objects (muons, jets, etc) from 
hits in the detector was performed by a software framework known as the Object-oriented Reconstruc- 
tion for CMS Analysis (ORCA) [1124]. In addition, a standalone fast simulation, known as the CMS 
FAst MOnte Carlo Simulation (FAMOS) framework [1124], was used to facilitate simulations involv- 
ing CMSSM parameter scans. The fast simulation FAMOS has been shown to adequately represent the 
full CMS simulation [1122]. In both the full and fast simulations, hits from minimum bias events are 
superimposed on the main simulated event to reproduce the pile-up conditions expected for a luminosity 
of 2 X 10^^cm"2g-i_ 

Because the work presented in Ref. [1122] is an inclusive study of signatures involving at least 
one muon accompanied by multiple jets and large IpT, several SM processes contribute as sources of 
background and had to be taken into account. Accordingly, the main backgrounds studied in Ref [1122] 
correspond to QCD dijet (2.8 million events with < pT < 4TeV/c), top {ti) production (3.3 mil- 
lion events), electroweak single-boson production (4.4 million events with < pT < 4.4TeV/c) and 
electroweak dibosons production (1.2 million events). All backgrounds used were fully simulated and 
reconstructed. 

The method employed in Ref. [1122] is to search for an excess in the number of selected events, 
compared with the number of events predicted from the SM. A Genetic Algorithm (GARCON [1125]) 
was used for the optimisation of cuts to select the LMl CMSSM point and results in: EJf^^^ > 130 GeV, 
E^j! > 440 GeV, E^j? > 440 GeV, \7f^\ < 1.9, \7f'^\ < 1.5, \7f^\ < 3, cos [A0(jl,j2)] < 0.2, -0.95 < 
cos [A(/)(^rp, jl)] < 0.3, cos [A(/)(^rp, j2)] < 0.85. Assuming 10 fb^^ of collected data, this set of cuts 
would expect to select a total of 2.5 background events from the SM and 311 signal events from the 
CMSSM LMl benchmark signal point [1 122]. 

In order to extend the work presented in [1122] to the context of the MSSM parameter space 
suggested by flavour considerations as described above, several points within the ranges of the MSSM 
parameters listed in Table [62] were sampled and simulated using the CMS fast simulation FAMOS. (The 
Pythia parameters used to generate each MSSM point may be found in Ref. [1 122].) In the CMS exercise, 
the same set of selection cuts presented above, is directly applied (i.e. not re-optimised) to each simulated 
MSSM point. Finally, the number of selected events from each simulated MSSM point is tallied and 
compared with the expected number of standard model background events (Nb = 2.5). 

It has been shown that the analysis method also works for this "new" part of the MSSM parameter 
space. Clearly, an optimization could enhance the analysis power. More detailed results will be presented 
elsewhere. 

5.3.3 The "master code": multi-parameter fit to electroweak and low-energy observables 

A first attempt to develop a "master code" as described above (see also Section [T.5.2l ) has been started in 
the course of the workshop in collaboration with physicists from CMS [208]. 

Based on flavour physics computer code from [32] and the more high-energy observable oriented 
computer code FeynHiggs [199-201], a first version of a "master code" has been developed. This 
"master code" combines calculations from both low-energy and electroweak observables in one common 
code. Great care has been taken to ensure that both sets of calculations are steered with a consistent set 
of input parameters. The current version of the "master code" is restricted to applications in the MSSM 
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parameter space assuming Minimal Flavour Violation (MFV). Table[63]shows the observables which are 
currently considered in the "master code". 

However, in the future it is foreseen to significantly extend the "master code" by including other 
calculations both for different New Physics models as well as additional observables (e.g. cosmology 
constraints), see [1100] for the latest updates and developments. With the help of the "master code" it 
will eventually be possible to test model points from the low-energy side (via flavour and electroweak 
observables) and from the high-energy side (via the measurements of ATLAS/CMS). Thus a model point 
can be tested with all existing data. 



Observable 


Source 


Constraint 


theo. error 


%R5^.,, - ^^b^s^ /Bl<b_.s7 


[32] 


1.127 ±0.12 


0.1 


Ram. = AMfusY/AMf^^ 


[32] 


0.8 ±0.2 


0.1 




[32] 


< 8.0 X 10-*^ 


2 X 10"^ 


p _ RTjSUSY /DoSM 


[32] 


1.125 ±0.52 


0.1 




FeynHiggs 


(27.6 ± 8.4) X 10"^° 


2.0 X 10~^° 




FeynHiggs 


80.398 ± 0.025 GeV 


0.020 GeV 


sin^e^SY 


FeynHiggs 


0.23153 ±0.00016 


0.00016 


M^*^''*(SUSY) 


FeynHiggs 


> 114.4 GeV 


3.0 GeV 



Table 63: List of available constraints in the "master code". The shown values and errors represent the current 
best understanding of these constraints. Smaller errors for M^^^ and sin^ 6*^1^^^ are possible using a dedicated 
code [1126, 1 127], which is, however, so far not included in the "master code" (see, however, [1100]). 



Using the "master code" as a foundation, an additional code layer containing a fit [1128] 
has been added to determine the consistency of a given set of MSSM parameters with the constraints 
defined in Table [63] Other studies of this kind using todays data can been performed in Refs. [1129- 
1133]. Studies using the anticipated data from the LHC and the ILC are carried out and documented in 
Ref. [1134,1135]. 

Using the "master code" we will present a few showcases for a global fit using a simplified 
version of the MSSM. The fit considers the following parameters: M4 (the CP-odd Higgs boson mass), 
tan (3 (the ratio of the two vacuum expectation values), M- ^ (a common diagonal soft SUSY-breaking 
parameter for squark and sleptons, respectively), A (a common trilinear Higgs-sfermion coupling), jj. (the 
Higgs mixing parameter). Mi and M2 (the soft SUSY-breaking parameters in the chargino/neutralino 
sector) and rrig = M3 (the gluino mass). All parameters are assumed to be real. Some further simplifying 
restrictions are applied: For the parameter fi we require > M2. This ad-hoc Ansatz is fully sufficient 
for our illustrative studies but in the future it will be replaced with a more sophisticated treatment of the 
parameters and of the experimentally excluded phase space regions (e.g. sparticle mass limits, etc.) In 
addition the Ansatz assumes Mj = a-j x Mg as well as fixed values for Mi, M2, and 1/3. The initially 
assumed values of a- j = 0.5, M2 = 200 GeV, M3 = 300 GeV and Mi = M2/2 are later varied within 
reasonable ranges to evaluate the systematic impact of the assumption on the final results. 

The is defined as: 

2 ^ ""f^'- {Const.j - Pred.i{MSSM)y 
^ ^ AConst? + APred? ^ ' 

i 

where Const.i represents the measured values (constraints) and Pred.i defines the MSSM parameter 
dependent predictions of a given constraint. These predictions are obtained from the "master code". 



They depend on SM pai^ameters like mt, rrib and a^. Some of these parameters still exhibit significant 
uncertainties which need to be taken into account in the fit procedure. In a simple approach it is 
straightforward to include these parametric uncertainties as fit parameters with penalty constraints. For 
our study the uncertainty of the top quark mass was found to be by far the dominating parametric uncer- 
tainty. The required minimization of the is carried out by the well known and very reliable fit package 
Minuit [1128]. 

In the following section we present some illustrative showcases that utilize this global fit to 
extract quantitative results. However, these studies are mainly meant to demonstrate the potential and 
usefulness of "external" constraints for the interpretation of forthcoming discoveries and for the corre- 
sponding model parameter extraction. 

5.3.3.1 Scan in the lightest Higgs-boson mass 

One of the most important predictions of the MSSM is the existence of a light neutral Higgs boson 
with Mh < 135 GeV [199, 200]. This upper limit together with the lower limit obtained at LEP, 
j^direct > 114.4 GeV [1103, 1108] represent a tight constraint on the remaining allowed parame- 
ter space of the MSSM. In the MSSM (with the simplifications explained above), depends mainly on 
the average squark mass Mg, the Higgs mixing parameter ^, the tri-linear Higgs-squark coupling A, and 
tan p. However, these parameters are also important for the predictions of low-energy and electroweak 
observables in the MSSM. Therefore, a global fit using the constraints listed in Table |63] not only al- 
lows a consistent extraction of the important MSSM parameters but will also provide a prediction for 
the most probable light Higgs boson mass in the MSSM. A convenient way to illustrate the sensi- 
tivity of these parameters to is a scan of the preferred parameter space as a function of this variable. 
For this procedure the global fit is performed repeatedly each time with a different value for the 
constraint. Therefore, the extracted set of MSSM parameters for each individual fit correspond to the 
preferred parameter space for a given value of Mh. While all Alh scan values below the lower limit of 
^direct y 114.4 GeV are already excluded by experiment, it is nevertheless interesting to see the results 
of the Mh scan over the entire parameter space (i.e. also for Mh values ^115 GeV). For that reason 
the lower Mh limit from the direct search at LEP has not been included in the x"^ fit- 

5.3.3.2 Mh scan using today's constraint values and errors 

Fig.[8T]shows the results of the Mh scan using the constraint values listed in Table [63l Since these values 
represent today's best knowledge of these observables, this result provides a first estimate of how low- 
energy and electroweak measurements constrain the MSSM parameter space. In the following we will 
refer to this scan result as today's Mh scan. 

It is important to note that the Mh ~ [110, 125] GeV region seems to be preferred by the x^ scan. 
On the one hand, all Mh values in this distinguished region of minimal x^ are almost equally likely. On 
the other hand, values outside this window (i.e. < 110 GeV or > 125 GeV) are clearly disfavoured by 
the low-energy and electroweak constraints. This is an interesting observation suggesting that today's 
low-energy and electroweak data prefer a light MSSM Higgs boson with a mass significantly higher than 
the most probable value for the SM Higgs boson. For comparison, the current preferred value from the 
general electroweak fit is Mf^ « 80 GeV [1136-1138]. 

In order to qualitatively estimate the systematic impact of the assumed parameter values (M2 = 
200 GeV, M3 = 300 GeV and a- ^ = 0.5) on the scan results, a variation of the parameter values within 
reasonable ranges has been carried out. Fig. [8l] shows the results of two of these cross checks: the blue- 
dashed line corresponds to the parameter setting M2 = 200 GeV, M3 = 300 GeV and a-j = 0.33, 
while the green-dashed line uses M2 = 300 GeV, M3 = 500 GeV and a-^ = 0.5. The observed 

"it is possible that the current lower limit could be even further improved before the LHC will start data taking in 2008 by 
the currently running Tevatron experiments CDF and DO. 
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Fig. 81: This figure shows the resuh of the extracted MSSM fit parameters and the corresponding distribution 
(lower right plot in each case) for the two scan scenarios: today's scan (left five plots) and 2009-EW-LowE 
Mh scan (right five plots). Each plot shows three scan results where the full-red curve corresponds to the default 
assumptions of M2 = 200 GeV, M3 = 300 GeV and a~j — 0.5. The blue-dashed line (large dash) changes 
a- 1 = 0.33 with respect to the default setting, while the green-dashed line (small dash) modifies M2 ~ 300 GeV, 



M3 ~ 500 GeV with respect to the default setting. 



variation is rather small indicating that the general conclusions are not strongly affected by the assumed 
parameter setting of these quantities. In particular the preferred minimal region of remains almost 
unchanged. 

The overall minimum of today's Mh scan is at Mh ~ 123 GeV and the preferred values of the 
important MSSM parameters are Ma ^ 400 GeV, tan P ^ 10, A ^ -1000 GeV, and Mg w 500 GeV. 
These values are qualitatively compatible with the range of "allowed" MSSM parameter space reported 
in section [5! 3. 2 1 The fact that today's Mh scan prefers somewhat lower values for tan /? and Mq is mainly 
explained by the change in the experimental Belle result of ^bR^ from 0.7±0.3 to 1.125±0.52 [323]. 
Using 0.7 lb 0.3 instead of the other more recent (corrected) value yields tan (3 ^ 30, Mq ~ 700 GeV, 
and A —1500 GeV but does not change the general conclusion of the results (e.g. the preferred Mh 
range remains the same). 

Fig. [82] shows a comparison of the predicted constraint values and their corresponding measure- 
ments obtained from today 's Mh scan. The measurements and their errors are also listed in Table |63] 
In general, good agreement between prediction and measurement is observed in the preferred minimal 
region of Mh ~ [HO, 125] GeV. The fact that the scan prefers a prediction of Ram, very close 
to unity is explained by (1) the already rather tight limit on BR(Bs f^^fJ- ) < 8 x 10^^ and (2) 
the large value of ^bR;, • Both constraints prefer low values of tan (3 and thus result in a predic- 
tion of RaMs ~ 1- However, today's experimental value is still within one sigma compatible with this 
prediction. 

Another interesting observation is the prediction of BR(i?s Although the constraint 

used for this quantity allows values up to BR(i?s —>■ fi'^fJ,^) < 8 x 10^^, the scan predicts (in the 
interesting Mh region) an almost constant value of BR(i?s —>■ fi'^fJ,^) ~ [3.0 — 4.0] x 10^^. This 
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Fig. 82: This figure shows a comparison of the predicted constraint values (yellow band) and their corresponding 
measurements (constant green band) obtained from today's Mh scan. All plots show a comparison of prediction 
versus measurement (plots with bands) as well as their corresponding pull conti'ibutions '^^^"go'j^T^APred'^^ 
the overall . 



Observable 


Constraint 


theo. error 




1.127 ±0.1 


0.1 




0.8 ±0.2 


0.1 


BRfe^^^ 


(3.5 ±0.35) X 10"*^ 


2 X 10"^ 


%R.^.. 


0.8 ±0.2 


0.1 




(27.6 ± 8.4) X 10~i° 


2.0 X 10"^° 




80.392 ±0.020 GeV 


0.020 GeV 




0.23153 ±0.00016 


0.00016 




> 114.4 GeV 


3.0 GeV 



Table 64: Assumed constraint values and errors for the 2009-EW-LowE scenario. 



is an interesting observation because this value coincides well with the standard model prediction of 
BR(i3s — > /i^/x")^^ PS 3.5 X 10^^. This might suggest that the current low-energy and electroweak 
data prefer a value of BR(i3s /i^/x^) close to its SM prediction. It will be interesting to see whether 
the soon forthcoming combined result of ^bR^ from BABAR and Belle will confirm this trend. If 
this is the case spectacular effects from new (MSSM) physics contributions seem rather unlikely for 
Bs 11'^ . 
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Fig. 83: Ax^ distribution for scenario LHC-Mq-MA 
(red curve), LHC-Mq (blue dashed curve), and 2009- 
EW-LowE (green dashed curve). All curves are evalu- 
ated with an assumed error of AMh — 3 GeV. 




Fig. 84: Ax^ distribution for scenario LHC-Mg-MA 
testing the hypothesis that a discovered light higgs bo- 
son candidate with a mass error of: AMh — 3 GeV (red 
curve), 2 GeV (blue dashed curve), and 1 GeV (green 
dashed curve) is compatible with the MSSM. 



5. 3. 3. 3 Interpretation of potential LHC discoveries 

The LHC will start collecting physics data in 2008. For that reason, the first results are not expected 
before early 2009. In the meantime, however, it is likely that most of the considered low-energy and 
electroweak constraints will further improve. Therefore, in 2009 it will be possible to even more strongly 
restrict the allowed MSSM parameter space. Table [64] lists the assumed constraint values that might be 
achieved by this time period. The assumed values and errors are only chosen for illustrative purposes. 
The sole intention of this study is to demonstrate the potential of low-energy and electroweak data to 
constrain the parameter space of new physics and to eventually provide guidance for the interpretation 
of potential new physics discoveries at the LHC. Fig. [8T] (five plots on the right) shows the results of the 
X^ scan using the constraints listed in Table [64l In the following, we refer to these results as 2009-EW- 
LowE Mh scan. Similar to the results from the today's Mh scan, the general results and conclusions of 
this study are largely unaffected by the variation of the assumed values for M2, M3 and a - j. As shown 
in Fig. [ST] the x^ preferred region becomes even more pronounced. Hence, the allowed MSSM 
parameters space is further reduced. In particular this information will become very useful in the case of 
LHC discoveries and their corresponding interpretation. In order to illustrate this property we define a 
few hypothetical scenarios: 

- 2009-EW-LowE: 

This scenario includes only the observables listed in Table [64l The overall x^ minima for this 
scenario is achieved for Ma ^ 350 GeV, tan /3 w 22, w 5 GeV, A w -450 GeV, and Mq w 
350 GeV. The corresponding prediction of the hght MSSM Higgs boson mass is Mfi « 115 GeV. 

- LHC-Mq-. 

This scenario includes 2009-EW-LowE and additionally assumes that the relevant squark mass^^ 

^"For example this could be achieved by a determination of the stop mass. In particular this mass is important for the 
determination of the lightest Higgs boson mass Mh in the MSSM. 
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Fig. 85: This figure shows the Ax^ = 1 contours of the Fig. 86: The red contour corresponds to scenario LHC- 
four scenarios: 2009-EW-LowE (blue contour), LHC- Mq-MA-Mh that includes the low-energy and elec- 
Mq (red contour), LHC-Mq-MA (black contour), and troweak constraints, while the blue contour makes the 
LHC-Mq-MA-Mh (green contour). same assumptions about the assumed LHC discoveries, 

but does not include any external constraints. 



Mq is known at the level of 10%. To be consistent with 2009-EW-LowE, we therefore define: 
Mq = 350 ± 35 GeV. 

- LHC-Mq-MA- 

This scenario includes LHC-Mq and additionally assumes that the mass of Mji^ij± is known to 
10%. To be consistent with 2009-EW-LowE, we therefore define: Ma = 355 ± 35 GeV. 

- LHC-Mq-MA-Mh. 

This scenario includes LHC-Mq-MA and additionally assumes that the mass of Mh is measured 
with a 3 GeV error. To be consistent with 2009-EW-LowE, we therefore define: M^ = 115 it 3 
GeV. 

Fig. [87] shows the results of the M^ scan for the scenario 2009-EW-LowE and the scenario L//C- 
Mq-MA- As expected, the allowed region of Mh is reduced to a small window by including the 
additional information of Ma = 355 ± 35 GeV and Mq = 350 ± 35 GeV. This information can, for 
example, be utilized to test the consistency of a discovered light Higgs boson candidate with: 

a) other discoveries of MSSM particle candidates (in our case squark and heavy Higgs candidates), 

b) low-energy and electroweak constraints. 

Assuming that a light Higgs boson candidate has been observed and that its mass is measured with an 
error of AM/j = ±3 GeV, Fig. [84] shows the Ax^ distributions for the scenario 2009-EW-LowE (green 
small-dashed line), LHC-Mq (blue large-ashed line) and, LHC-Mq-MA (red full line). 

As defined above, all scenarios correspond to one MSSM parameter set that has a minimum 
for Mh ~ 115 GeV. The Ax^, and therefore also the exclusion limits, are defined with respect to this 
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Fig. 87: This figure shows the result of the extracted 
MSSM fit parameter and the corresponding dis- 
tribution for the two scan scenarios: 2009-EW-LowE 
Mh scan (full-red curve) and LHC-Mq-MA-Mh scan 
(green-dashed curve). 
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Fig. 88: distribution as a function of Mh for the three 
scenarios: 2009-EW-LowE Mh scan (full-red curve), to- 
day's Mh scan (green-small-dashed curve), and LHC- 
Mq-MA-Mh scan (blue-large-dashed curve). 



MSSM parameter set. For the most constraining scenario, all masses above k. 130 GeV are excluded 
at 95% CL. Therefore, in this hypothetical case Mh must be below 130 GeV in order to be compatible 
with the other observed LHC discoveries as well as with the low-energy and electroweak constraints. A 
discovery of a lightest Higgs boson with a mass above 130 GeV would rule out the MSSM at 95% CL. 
It is clear that the exclusion limit depends on the assumed error for M^. For scenario LHC-Mg-MA, 
Fig.[83]compares the results for AM^ = ±3, AM^ = ±2, and AM^ = ±1. With an assumed error of 
2 GeV, the 95% CL exclusion limit would be around « 128 GeV, while for a 1 GeV error it would 
be as stringent as Mh ~ 126 GeV. 

Therefore, together with the discoveries of a stop candidate and a heavy Higgs candidate, the 
consistency of a measured light Higgs candidate within the MSSM hypothesis can be tested. It should 
be noted that without the use of low-energy and electroweak constraints, this consistency test would be 
much weaker. For example the three LHC discoveries alone will not significantly constrain the important 
MSSM parameters tan f3 and A. This feature is clearly demonstrated in Fig. [86] Without the inclusion 
of the low-energy and electroweak constraints, the parameters tan /3 and A are much less determined. 
Thus, the overall sensitivity of the consistency test is significantly worse. 

Another way to illustrate the potential of external constraints for the interpretation of new physics 
discoveries and the eventual extraction of the model parameters is shown in Fig. [85] which displays the 
Ax^ = 1 contours of the four different scenarios for various parameter combinations. Although 2009- 
EW-LowE (blue contour) only utilizes indirect constraints (i.e. no direct measurement of new physics 
quantities) the MSSM parameter space is already rather restricted. Adding Mg = 350 ib 35 GeV (red 
contour) in particular helps to further constrain tan /3 and to some extent also Ma, while measuring also 
the heavy (black contour) and also the light Higgs boson mass (green contour) will restrict the allowed 
range for A rather significantly. Also here the use of the external low-energy and electroweak constraints 



is essential to determine the important MSSM parameters tan /? and A. 



5.3.3.4 Outlook 

In order to fully exploit this interesting potential, it will be important to extend the "master code" by 
adding additional calculations such as extra low-energy observables, as well as, potentially, constraints 
from cosmology data (see [1100]). This will eventually yield an important tool for the comprehensive 
interpretation of future new physics discoveries. 



5.4 Discrimination between new physics scenarios 

At present, the SM gives a fully consistent description of all experimental data in the flavour sector, apart 
from a few, not yet statistically significant deviations. This means that flavour physics can at present 
only rule out models that produce too large deviations from the SM; in practice, this means giving an 
upper bound on new sources of flavour and CP violation for a fixed NP scale, or giving a lower bound 
on the NP scale for fixed values of the NP flavour parameters. As discussed in Sec. 15.11 this gives us 
hints on the flavour structure of NP models with new particles up to the TeV range. However, to fully 
exploit the constraining power of flavour physics, additional (external) information on the spectrum of 
new particles must be provided. First examples of the combination of flavour and high-pT information 
have been presented in Sec. 15.31 and there is increasing activity in this direction. 
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